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Cosmic Microwave Background (CMB) anisotropy measurements have provided a
great insight to the cosmological parameters that define our Universe. Obtaining
these measurements to ever higher sensitivity is complicated by the presence of
contaminating foregrounds, whose physical understanding is, therefore, critical.
The discovery of a dust-correlated emission mechanism in the frequency range 10 –
100 GHz, known as anomalous microwave emission, has reignited the study of
Galactic foregrounds as interstellar medium (ISM) emission mechanisms.
This thesis describes the investigation of this anomalous microwave emission,
with the aim of improving our understanding of the physical processes caus-
ing this emission. Understanding the precise nature and spectral behaviour of
this anomalous microwave emission is of critical importance for modelling Galac-
tic foregrounds for current and future sensitive CMB anisotropy experiments
(e.g. Planck).
Very Small Array (VSA) observations of the dust feature, G159.6–18.5, in
the Perseus molecular complex are presented. These observations were reduced
and calibrated, resulting in the production of a 33 GHz map of the region with
≈ 7 arcmin angular resolution and an r.m.s. noise level of ≤ 20 mJy/beam. Five
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dust-correlated features were identified in this map, and the emission in these
five features was found to be in excess over the standard Galactic emission pro-
cesses of free-free and thermal vibrational dust emission, at a level of 2.5 – 5.6σ.
This excess of emission, in combination with the dust correlation, was inter-
preted as anomalous emission. Various theories have been proposed to explain
this anomalous emission, however, evidence is provided showing that the only
plausible explanation, consistent with the results found in G159.6–18.5, is that
of electric dipole radiation from rapidly spinning dust grains i.e. spinning dust.
Intriguingly, the bulk of this spinning dust emission (> 88 %) appears to be orig-
inating from a large-scale, diffuse component, and is not concentrated in the five
compact components.
Having detected this anomalous emission, which is consistent with the spin-
ning dust hypothesis, photometric Spitzer data were completely reprocessed and
used in conjunction with the dust emission model, dustem, to characterise the
dust within the region. The results of this dust characterisation are presented
and were found to tentatively agree with the spinning dust hypothesis.
Finally, this work provides evidence illustrating that anomalous emission is a
very complex process, and that further work still needs to be performed.
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Chapter1
Introduction
This Chapter provides an introduction to this thesis by explaining the reason-
ing behind this work, and why this analysis is of critical importance for future
cosmological and astronomical investigations. Section 1.1 starts by introducing
the Cosmic Microwave Background (CMB), all the way from the initial predic-
tions to its serendipitous discovery. In Section 1.2 I review our current under-
standing of the CMB foregrounds that hinder our observations of the CMB, and
in Section 1.3 I discuss the typical procedures used to subtract these CMB fore-
grounds. I then go on to describe the atmospheric windows and the data that
will be analysed throughout this thesis (Section 1.4), and finally, in Section 1.5 I
detail the layout of material in the rest of this thesis.
1.1 The Cosmic Microwave Background
Not many discoveries in the history of humankind have had such a profound effect
on our understanding of the Universe than that of the discovery of the CMB. It is
truly one of the cornerstones of modern cosmology. This CMB radiation, which
35
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bathes the Universe today, is a relic of the hot, dense state that the Universe was
once in, and as such it is one of the key pieces of evidence supporting the Big
Bang theory.
1.1.1 Discovery of the Cosmic Microwave Background
The CMB can be traced back to the 1940’s when Alpher et al. (1948) predicted the
existence of a relic radiation throughout the Universe as part of their model for the
formation of elements during the initial phases of the Universe. Approximately
twenty years after this initial prediction, physicists at Princeton University started
developing experiments to try to detect this relic radiation (Dicke et al., 1965).
At around the same time, two engineers working for AT&T Bell Laboratories
were identifying sources of radio noise using a new antenna, when they happened
to discover a constant level of excess noise coming from all directions of the sky.
After investigating various explanations, the excess noise still persisted with a
thermodynamic temperature of∼ 3 K (Penzias andWilson, 1965), and it was then
that they realised that they had detected the relic radiation predicted by Alpher
et al. (1948) twenty years earlier.
In the standard Big Bang theory, at very early times the Universe was in
a very hot, dense state. As the Universe expanded in the aftermath of the Big
Bang, the particle energies, and hence the temperature of the Universe, decreased
as a function of time according to
T (t) = TCMB(1 + z) (1.1)
where TCMB is the temperature of the CMB today and z is the redshift of the
Universe.
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During this early expansion, the temperature of the Universe was still very
hot and hence all matter was ionised. As a result of this, all the photons had a
very small mean free path due to interactions with the free electrons via Compton
scattering. The Universe continued to expand and cool, and once the temperature
of the particle soup reached approximately 3000 K, the free electrons were able
to be captured by the protons without instantaneously being re-ionised by a
photon. This allowed neutral atoms to form, and therefore the photons were no
longer coupled to the electrons and hence they began free streaming, in what is
now known as the epoch of recombination. At this time, the Universe became
transparent and the CMB was formed from the surface of last scattering. This
decoupling, as it is also known, occurred when the universe was ∼ 350,000 years
old and ∼ 1000 times smaller than the Universe is today i.e. at redshift z ∼ 1000.
Since then, the Universe has continued to expand and the photons have been
redshifted towards the microwave region of the electromagnetic spectrum, and
therefore the temperature has dropped to the TCMB = 2.725 ± 0.002 K (Mather
et al., 1999) that we observe today.
To first order, as Penzias and Wilson (1965) had shown, the CMB is isotropic,
which is what you would expect from the simplest Big Bang model. More recent
observations carried out with the Far-Infrared Absolute Spectrophotometer (FI-
RAS) instrument onboard the Cosmic Background Explorer (COBE) satellite,
show that the CMB is in fact isotropic to 1 part in 105, and that the CMB
spectrum is an almost perfect black-body curve (Mather et al., 1994). Fig. 1.1
shows the CMB spectrum as measured by COBE, however this is not the whole
story. Following the serendipitous discovery of the CMB by Penzias and Wilson
(1965), who were awarded the Nobel Prize in Physics in 1978, theorists began
working on various possibilities and potential implications. It was soon pointed
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Figure 1.1: The CMB black-body spectrum measured by the COBE satellite,
which peaks in the microwave regime. The data match the black-body curve so ac-
curately (the uncertainties are less than the thickness of the line) that it is impos-
sible to distinguish the data from the theoretical curve. Credit: NASA/COBE
Science Team.
out by Silk (1967) and Sachs and Wolfe (1967) that there must exist some residual
perturbations to give rise to the clusters of galaxies that are observed through-
out the Universe. These perturbations are known as temperature fluctuations or
temperature anisotropies and will be discussed in Section 1.1.2.
1.1.2 Temperature Anisotropies in the Cosmic Microwave
Background
Baryonic Acoustic Oscillations
Quantum fluctuations originating from the cosmological expansion during the
inflationary epoch created disturbances in the primordial plasma. These distur-
bances became fluctuations in the energy density from place to place within the
plasma i.e. regions of over and under density. Then, when the CMB was released
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during the epoch of recombination, photons originating from the hotter, denser
regions were more energetic than photons emitted from colder, rarefied regions,
and hence the pattern of fluctuations were frozen into the CMB.
These temperature anisotropies hold the key to understanding the origin of
structure in the Universe i.e. how the primordial plasma evolved into the galaxies
we observe today.
CMB Angular Power Spectrum
The temperature seen in a given direction on the sky, expressed in spherical polar
co-ordinates, T(θ, φ), is the fundamental measurement in CMB studies. However,
when analysing the CMB temperature anisotropies the mean temperature, T¯ , is
usually subtracted and a dimensionless temperature anisotropy
∆T
T
(θ, φ) =
T (θ, φ)− T¯
T¯
(1.2)
is defined. Since these fluctuations occur on a sphere, it is common to specify the
fluctuations in terms of spherical harmonics
∆T
T
(θ, φ) =
∑
`,m
am` Y
m
` (θ, φ) (1.3)
where the power at each ` is given by
(2`+ 1)C`
4pi
(1.4)
and where C` is defined by
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C` = 〈|am` |2〉 (1.5)
When plotting the CMB angular power spectrum (see Fig. 1.3) it is usual to
provide the power per logarithmic scale defined by
(
∆T
T
)2
r.m.s.
≡ `(`+ 1)C`
2pi
(1.6)
The mean CMB temperature corresponds to ` = 0, while the ` = 1 pertur-
bation, known as the dipole, corresponds to the motion of the Earth relative to
the CMB. The ` = 2 mode represents the quadrupole, the ` = 3 mode represents
the octopole etc. If the temperature fluctuations are Gaussian in nature, then
each am` is independent, with 〈am` 〉 = 0, and the power spectrum is completely
independent of the m index and provides a complete statistical description of the
temperature anisotropies.
CMB Anisotropy Observations
The first detection of temperature fluctuations in the CMB were obtained with
the Differential Microwave Radiometer (DMR) instrument onboard the COBE
satellite (Smoot et al., 1992). More recent observations of the temperature
anisotropies, with improved angular resolution, have been performed with the
Wilkinson Microwave Anisotropy Probe (WMAP) satellite (Bennett et al., 2003).
Fig. 1.2 shows the WMAP Internal Linear Combination (ILC) map displaying
the CMB temperature anisotropies over the entire sky.
Due to Thomson scattering, the CMB is linearly polarised. This linear polari-
sation pattern can be decomposed into two quantities, usually the Q and U Stokes
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Figure 1.2: The WMAP 7-year ILC map showing the CMB temperature
anisotropies. Linear scale from −200 to 200 µK. Credit: NASA/WMAP Sci-
ence Team.
parameters. However, it is more intuitive and physical to decompose the linear po-
larisation pattern geometrically, splitting it into one component that comes from
a divergence (E-mode) and one component that comes from a curl (B-mode).
Therefore, the existence of this linear polarisation, along with the temperature
anisotropies, allow for six different cross power spectra to be determined (TT,
TE, TB, EE, EB, BB). However, due to parity constraints, two of these are zero
leaving four observables (TT, TE, EE, BB). Fig. 1.3 displays the TT and TE
power spectra obtained from the WMAP 7-year data.
The main peak in the TT spectrum, as shown in Fig. 1.3, shows that there is
a particular multipole value that dominates, and using the relationship
θ ≈ 180
◦
`
(1.7)
it is possible to convert multipole values, `, to angular scales on the sky, θ. Since
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Figure 1.3: The TT and TE power spectra of the CMB anisotropies obtained
from the WMAP 7-year data. Credit: NASA/WMAP Science Team.
CHAPTER 1. INTRODUCTION 43
the main peak has an ` value of ≈ 200, this corresponds to an angular scale of
θ ≈ 0.9 degrees. The position of the main peak, and the relative strengths of the
smaller peaks also provide valuable cosmological information – see Spergel et al.
(2003) for further details.
1.2 Foregrounds to the Cosmic Microwave Back-
ground
Whilst observations of the CMB anisotropies provide crucial cosmological infor-
mation, these observations are particularly difficult to obtain. This is partially
due to the intrinsically small nature of the CMB anisotropies (∆T/T ∼ 10−5), but
also due to the presence of CMB foregrounds. CMB foregrounds are any source
of emission that can contaminate or mask the CMB signal, hence making it more
difficult to extract the cosmological information and increasing the uncertainties.
Currently, there are several well known CMB foregrounds, which tend to be
classified into two categories: extra-galactic and Galactic CMB foregrounds.
1.2.1 Extra-galactic CMB Foregrounds
(i) Point sources
Point sources can be problematic for observations at both large and small
angular scales. At large angular scales, the point sources will be unresolved
and hence only the brightest sources are a problem. Less bright sources will
be diluted in the beam, however, a large collection of faint sources can cre-
ate confusion noise that can limit the sensitivity of the instrument (e.g. see
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Condon, 1974). As the beam size decreases, the confusion noise limit de-
creases as fewer sources can fill the beam, and therefore confusion noise is
not a major problem at smaller angular scales. However, as the angular
resolution increases, the individual sources start to become resolved, and
hence must be accurately subtracted. At ν ∼ 30 GHz, the main sources are
compact Active Galactic Nuclei (AGN) and quasars. Another complication
is that many sources are also variable, and hence constant monitoring is
required.
(ii) Sunyaev-Zel’dovich effect
The Sunyaev-Zel’dovich (SZ) effect is a small spectral distortion of the CMB
spectrum caused by the scattering of the CMB photons off a distribution
of high energy electrons (Sunyaev and Zel’dovich, 1970). The SZ effect is
generally separated into two distinct components:
Thermal SZ Effect
The thermal SZ effect originates from the scattering of the CMB photons
with high energy electrons distributed in the intra-cluster medium of galaxy
clusters. The CMB photons have approximately 1 % probability of inter-
acting with a high energy electron as they traverse the galaxy cluster. The
scattering mechanism involved between the CMB photon and the energetic
electron is that of inverse Compton scattering, and hence the CMB photons
receive an energy boost of the order kBTe/mec2. This energy boost is typ-
ically small, corresponding to a ∼ 1 mK distortion in the CMB spectrum.
Fig. 1.4 displays this SZ effect spectral distortion based on a theoretical
galaxy cluster ∼ 1000 times more massive than a typical galaxy cluster to
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Figure 1.4: The undistorted CMB spectrum (dashed line) and the CMB spectrum
distorted by the thermal SZ effect (solid line). Arrows show the shift in the
CMB spectrum towards higher frequencies. This SZ effect distortion is based
on a theoretical galaxy cluster ∼ 1000 times more massive than a typical galaxy
cluster to highlight the very small shift in the CMB spectrum (Carlstrom et al.,
2002).
highlight the very small shift in the CMB spectrum.
The SZ null frequency is the frequency at which the undistorted and dis-
torted CMB spectra produce the same intensity. As can be seen from
Fig. 1.4, this occurs at ∼ 220 GHz. Therefore, since the CMB photons are
shifted to higher frequencies, the SZ effect appears as a decrement in the
intensity of the CMB at frequencies < 220 GHz, and as an increment at
higher frequencies.
The SZ effect can also be a very useful cosmological tool. The intensity
change of the thermal SZ effect, as described by Zel’dovich and Sunyaev
(1969) is given by:
∆Ix
Ix
=
xex
(ex − 1)
[
x
(
ex + 1
ex − 1
)
− 4
]
y (1.8)
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where x is
x ≡ hν
kBTCMB
(1.9)
and y is
y =
∫ kBTe
mec2
σTnedl ∝
∫
pedl (1.10)
and where TCMB is the temperature of the CMB, kB is the Boltzmann
constant, Te is the electron temperature, σT is the cross-section of Thomson
scattering, ne is the electron number density, mec2 is the electron rest mass
energy, pe is the electron thermal pressure and the integration is performed
along the line of sight.
Equation 1.8 is independent of redshift, and hence this makes the SZ effect a
potentially powerful tool for investigating the high redshift universe. Also,
equation 1.10 illustrates that the Compton parameter, y, is proportional to
the sum of the thermal pressure of electrons along the line of sight, and
therefore it is possible to estimate the total thermal energy of the galaxy
cluster.
Kinetic SZ Effect
The kinetic SZ effect originates from the motion of the galaxy cluster with
respect to the CMB rest frame. This is due to the Doppler effect of the
cluster bulk velocity on the scattered CMB photons: if a component of the
the cluster velocity is projected along the line of sight to the cluster, then
there will be an additional contribution known as the kinetic SZ effect.
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Figure 1.5: Spectral distortion of the CMB spectrum due to the SZ effect. The
thermal SZ effect (solid line) and the kinetic SZ effect (dashed line) are plot-
ted, along with the CMB spectrum, scaled by 0.0005 (dotted line), for refer-
ence. The cluster properties used to compute the spectra are an electron tem-
perature of 10 keV, a Compton y parameter of 10−4 and a peculiar velocity of
500 km s−1 (Carlstrom et al., 2002).
Fig. 1.5 displays the spectral distortion of the CMB due to both the thermal
and kinetic SZ effects. The first thing to note is the relative size of the
distortions. The CMB spectrum displayed is scaled by a factor of 0.0005
to allow both to be plotted on the one plot, therefore the distortions are
relatively small. Secondly, the kinetic SZ effect is much weaker than the
thermal SZ effect, and has a different spectral signature.
1.2.2 Galactic CMB Foregrounds
The source of the Galactic CMB foregrounds are the diffuse Galactic emission
processes that occur throughout our own Galaxy. There are currently three well
known and understood diffuse emission processes that contribute to the Galac-
tic CMB foreground emission, and a fourth, relatively new, emission mechanism
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termed anomalous microwave emission, the understanding of which is the main
focus of this thesis.
(i) Synchrotron Emission
Synchrotron emission results from the acceleration of relativistic electrons
in a magnetic field. The power emitted by synchrotron emission can be
derived from the Larmor equation (as shown by Longair, 1994) and is given
by
−
(
dE
dt
)
syn
=
〈
e4γ2B2v2⊥
6pi◦c3m2e
〉
(1.11)
where e is the electric charge, B is the magnetic field strength, γ is the
Lorentz factor, v⊥ is the velocity component perpendicular to the magnetic
field, me is the rest mass of the electron, ◦ is the permittivity of free space
and c is the speed of light in a vacuum.
From the form of equation 1.11 it is possible to see that the power of
synchrotron emission is proportional to the square of the magnetic field
strength, and hence synchrotron emission is dominant in regions with a
strong magnetic field. Therefore, synchrotron emission tends to dominate
along the Galactic plane (|b| < 10◦) where the magnetic field is strongest,
however, it is still non-negligible at higher Galactic latitudes. Additionally,
supernova remnants have high magnetic fields and as such are sources of
synchrotron emission.
A strong magnetic field is not the only requirement for synchrotron emission
as it is also necessary to have a source of electrons to be accelerated by the
magnetic field. The energy distribution of electrons, N(E), is given by
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N(E)dE = N0E
−pdE (1.12)
where N0 is a normalisation constant and p is the power-law spectral index.
Therefore, an ensemble of relativistic electrons with this energy distribution
produces a synchrotron emission spectrum of the form
Sν ∝ ν−(p−1)/2 (1.13)
or
Sν ∝ να (1.14)
where Sν is the flux density and α, the spectral index, is given by−(p− 1)/2.
Assuming no synchrotron self-absorption, α varies over the range −1.2 ≤ α
≤ −0.7 with a mean value of α ≈ −1 at GHz frequencies, and therefore syn-
chrotron emission is one of the dominant CMB foregrounds at frequencies
below ∼ 60 GHz1 (see Fig. 1.13).
(ii) Thermal Bremsstrahlung
Thermal bremsstrahlung, the continuum radio emission from hot ionised
gas (T ∼ 104 K), is produced when the ions in the ionised gas accelerate
the free electrons. It is often called free-free emission due to the emission
mechanism: free electrons scattering off ions without being captured i.e. the
electrons are free both before and after the interaction.
As was the case for synchrotron emission, the free-free emission spectrum,
1The exact frequency depends on the region of the sky.
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assuming no self-absorption, is a power law with a spectral index α ≈ −0.1
at GHz frequencies. Like synchrotron emission, free-free emission is a dom-
inant CMB foreground at frequencies below ∼ 60 GHz. However, due to
free-free emission having a smaller spectral index than the synchrotron emis-
sion, the synchrotron emission is the dominant foreground at frequencies
below ∼ 20 GHz2 (see Fig. 1.13).
(iii) Thermal Vibrational Dust Emission
Dust grains play a central role in the astrophysics of the Galactic interstel-
lar medium (ISM) e.g. formation of H2, shielding molecules, heating the
gas etc. Despite accounting for only ∼ 1 % of the mass, dust grains are,
therefore, a crucial element of the ISM. Dust grains throughout the Galaxy
absorb the stellar ultraviolet (UV) photons permeating the ISM, known as
the Interstellar Radiation Field (ISRF), and re-radiate this energy away in
the infrared (IR) regime via the vibration of the dust grains.
A number of dust models have been postulated to explain both the IR
emission and extinction curves for the diffuse ISM (Desert et al., 1990; Li
and Draine, 2001; Draine and Li, 2007; Compiègne et al., 2011) and it is
generally accepted that three dust grain populations, Big Grains (BGs),
Very Small Grains (VSGs) and Polycyclic Aromatic Hydrocarbons (PAHs)
are required. Fig. 1.6 displays the Spectral Energy Distribution (SED) for
the diffuse ISM, highlighting the three dust grain populations.
2As for the synchrotron emission, the exact frequencies depend on the region of the sky.
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Figure 1.6: SED for the diffuse ISM (Bot et al., 2004) showing the three dust
grain populations fitted using the Desert et al. (1990) dust model: PAHs (dashed
line); VSGs (dot-dashed line); and BGs (dot-dot-dot-dashed line).
Big Grains
The BGs (∼ 0.1 µm in size) are continuously absorbing photons from
the ISRF and re-emitting at far-IR wavelengths. As a consequence, BGs are
in thermal equilibrium with their surrounding environment, and it is there-
fore common to define an equilibrium temperature, Tdust (see Fig. 1.7).
From Fig. 1.6 it is possible to see that only the Rayleigh-Jeans tail of
the ISM dust distribution, which is produced by the vibration of the BGs,
is a significant CMB foreground at frequencies below ∼ 300 GHz. This
Rayleigh-Jeans tail is modelled using a modified black-body (a grey-body)
emissivity law of the form
I(ν) ∝ Bν(Tdust)νβ (1.15)
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Figure 1.7: Dust grain emission for grains of different sizes. a is the dust grain
radius and τabs is the mean time between photon absorptions (Draine, 2003).
where Bν is the Planck function, Tdust is the thermal equilibrium dust tem-
perature and β is the dust emissivity spectral index. β varies over the
range 1 ≤ β ≤ 2, with the precise value depending on the equilibrium dust
temperature and the composition of the dust grains (Dupac et al., 2003).
Very Small Grains
VSGs, as shown in Fig. 1.6, emit vibrationally in the mid-IR regime. As
the grain size decreases from BGs, it is possible to identify from Fig. 1.7,
that the grains depart from thermal equilibrium. VSGs, like PAHs, spend
most of their time in the ground state, emitting only stochastically due to
the absorption of a single UV photon.
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Figure 1.8: Full structural configuration of carbon and hydrogen atoms in the
simplest aromatic hydrocarbon, Benzene.
Polycyclic Aromatic Hydrocarbons
PAHs are organic chemical compounds consisting of aromatic hydrocarbons.
The simplest aromatic hydrocarbon is the configuration of six carbon atoms
in a ring known as a Benzene ring, named for the first aromatic hydrocarbon
Benzene, with the molecular formula C6H6. Benzene is also known as a
monocyclic aromatic hydrocarbon. Fig. 1.8 displays the configuration of a
Benzene ring.
PAHs are a combination of multiple aromatic hydrocarbons. The simplest
of the PAHs is Naphthalene, with the molecular formula C10H8, consisting
of two linearly fused Benzene rings (see Fig. 1.9). Other simple PAHs are
Anthracene, C14H10, Tetracene, C18H12, and Pentacene, C22H14 , consisting
of three, four and five linearly fused Benzene rings, respectively.
PAHs were first discovered by Gillett et al. (1973) and can contain up to a
few hundred carbon atoms, with ≈ 10 % of the carbon in the ISM believed
to be locked up in PAHs (Draine and Anderson, 1985).
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Figure 1.9: Simplified skeletal configuration of carbon and hydrogen atoms in
the simplest aromatic hydrocarbon, Benzene (Left), and the simplest polycyclic
aromatic hydrocarbon, Naphthalene (Right). This shows how simple PAHs can
be created by combining multiple Benzene rings.
Much of the emission originating from emission nebulae (Hii regions, plan-
etary nebulae) and reflection nebulae in the near-IR is concentrated in five
features at 3.3, 6.2, 7.7, 8.6 and 11.3 µm. Leger and Puget (1984) recognised
these features as the optically-active vibrational modes of PAH molecules.
Allamandola et al. (1989) identified characteristic optically-active vibra-
tional modes, when there are H atoms attached to the edge of the aromatic
ring:
• C-H stretching mode at 3.3 µm
• C-C stretching mode at 6.2 µm
• C-C stretching mode at 7.7 µm
• C-H in-plane bending mode at 8.6 µm
• C-H out-of-plane bending mode at
– 11.3 µm for mono H
– 12.0 µm for duo H
– 12.7 µm for trio H
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Figure 1.10: PAH emission spectrum from 5 – 15 µm of the reflection
nebula NGC 7023 taken from Cesarsky et al. (1996) (Left) and four PAH
molecules (Right) with examples of mono, duo, trio and quartet H sites indi-
cated. Mono sites are associated with long straight molecular edges. Duo and
trio sites, on the other hand, correspond to corners, and quartet sites are due to
the most extreme edges of the structures (Draine, 2003).
– 13.6 µm for quartet H
Fig. 1.10 displays the near-IR spectrum for the reflection nebula NGC 7023,
with the PAH features and the associated optically-active vibrational modes
identified. Examples of mono, duo, trio and quartet H sites are also dis-
played on four PAH molecules.
(iv) Anomalous Microwave Emission
Anomalous microwave emission is a fourth, relatively new, Galactic CMB
foreground and is much less well understood than the previous three. The
aim of this thesis is to increase our understanding of this anomalous emis-
sion, not only with respect to a CMB foreground, but also with respect to
investigating this new Galactic ISM emission mechanism.
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Initial Observations of Anomalous Microwave Emission
The previous three Galactic CMB foregrounds are well understood, how-
ever, within the last two decades, a new Galactic foreground has been ob-
served and dubbed anomalous microwave emission. It was named thus due
to the unexpected nature of the discovery and the lack of knowledge about
its origins.
The first detection of this anomalous microwave emission was made by
Kogut et al. (1996), using two instruments onboard the COBE satellite.
The authors found a correlation between data observed with the DMR at
31.5 and 53 GHz, and data observed with the Diffuse Infrared Background
Experiment (DIRBE) at 100, 140 and 240 µm. What they observed was
an excess of emission that was more than a factor of 10 larger than could
be explained by thermal vibrational dust emission alone at 31.5 GHz, and
they attributed this to a superposition of free-free and thermal vibrational
dust emission.
This initial discovery was followed up by de Oliveira-Costa et al. (1997) us-
ing the Saskatoon CMB balloon experiment. These authors also found a sig-
nificant cross-correlation between microwave observations (30 and 40 GHz)
and DIRBE far-IR observations (100, 140 and 240 µm). They too, claimed
that the result was due to a mixture of thermal vibrational dust and free-free
emission.
Leitch et al. (1997) used the Owens Valley Radio Observatory (OVRO),
to observe 36 fields at a declination, δ ∼ +88◦ in a ring around the North
Celestial Pole (NCP). They too found a clear correlation between the In-
frared Astronomical Satellite (IRAS) IR data (100 µm) and their 14.5 GHz
CHAPTER 1. INTRODUCTION 57
Figure 1.11: Spectrum showing the DMR (filled circles ; Kogut et al., 1996)
and the Saskatoon experiment (filled pentagons ; de Oliveira-Costa et al., 1997)
data points and the three familiar Galactic CMB foregrounds. Also displayed
is a Draine and Lazarian (1998a,b) spinning dust model (dashed line). Adapted
from de Oliveira-Costa et al. (1998).
data. However, they also noticed that if there was any free-free emission
from the NCP, then it must be originating from a gas with temperature
Te ≥ 106 K due to the lack of any accompanying Hα emission.
Fig. 1.11 displays the DMR and Saskatoon experiment data points, and the
three well known Galactic CMB foregrounds. This highlights the uncertain
nature of the emission, and how it could be due to a combination of free-free
and thermal vibrational dust emission.
Possible Explanations for Anomalous Microwave Emission
The initial observations were inconclusive (see Fig. 1.11), and a number of
theories were hypothesised to explain the results:
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(a) Free-free emission from shock-heated gas
This theory was proposed by Leitch et al. (1997) following the obser-
vations of the NCP. The lack of Hα emission implied that the free-free
emission must be originating from shock-heated gas.
(b) Flat spectrum synchrotron emission
This theory was proposed by Bennett et al. (2003) following observa-
tions with WMAP. They performed a component separation analysis
and found that the best fit occurred for three Galactic components:
free-free emission, thermal vibrational dust emission and flat spectrum
synchrotron emission.
(c) Magnetic dipole emission
This theory was proposed by Draine and Lazarian (1999) suggesting
that the emission is due to magnetic dipole emission from magnetic
dust grains. Thermal fluctuations of the magnetisation within these
magnetic dust grains will result in magnetic dipole radiation.
(d) Low level transitions
This theory was proposed by Jones (2009) based on calculations that
suggest the emission could be due to large, cold (Tdust < 30 K) dust
grains due to the two-level systems within amorphous dust materials.
(e) Electric dipole emission
This theory was proposed by Draine and Lazarian (1998a,b) suggesting
that the smallest dust grains, when spinning rapidly, will emit electric
dipole radiation due a non symmetrical charge distribution. This is
also commonly referred to as spinning dust.
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Out of all five possible explanations for the anomalous microwave emission,
the spinning dust hypothesis is the currently favoured emission mechanism.
However, there have been various publications since Draine and Lazarian
(1998a,b) proposed their theory on spinning dust, providing evidence both
for and against the spinning dust model (e.g. Banday et al., 2003; Bennett
et al., 2003; Davies et al., 2006; Scaife et al., 2008; Gold et al., 2010), and
to date the situation is still far from clear. This is one of the reasons
for this thesis i.e. to try and clarify the situation regarding the anomalous
microwave emission.
Since spinning dust is the favoured emission mechanism, I will describe this
hypothesis in more detail.
The Theory of Spinning Dust
The first analysis of spinning dust grains was performed by Erickson (1957),
with further analyses performed by Hoyle and Wickramasinghe (1970),
Rouan et al. (1992) and Ferrara and Dettmar (1994). However, Draine
and Lazarian (1998a,b) were the first to propose this emission as the cause
of the anomalous microwave emission.
Draine and Lazarian (1998a,b) calculated that the excess microwave emis-
sion observed by Leitch et al. (1997) could not be due to free-free emis-
sion from shock-heated gas, as this would require an energy input rate at
least 100 times larger than the energy input rate due to supernovae, and
hence proposed their own theory for this anomalous emission: spinning
dust. This spinning dust model was created assuming very small (grains
with ≤ 103 atoms), rapidly rotating (∼ 1.5×1010 s−1) dust grains, which
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can be identified by a peak in the spectrum at ∼ 20 – 30 GHz, as shown
in Fig. 1.12. The source of this peak is that the spinning dust emissivity,
being electric dipole in origin, stems from the Larmor power radiated by
individual grains, and has a very steep rise (α ≈ 3) with frequency before
peaking sharply and falling off as expected from a Boltzmann cut-off in the
grain rotation at frequencies, ν > 40 GHz.
Small dust grains in the ISM are continuously being exposed to the com-
peting excitation and damping processes that can cause the grains to spin.
These processes include neutral collisions, ion collisions, plasma drag, IR
emission, photo-electric effect and microwave emission, and they depend
critically on the environmental conditions. For this reason, Draine and
Lazarian (1998a,b) produced spinning dust models for a variety of Galac-
tic environments: Dark Cloud (DC), Molecular Cloud (MC), Cold Neutral
Medium (CNM), Warm Neutral Medium (WNM), Warm Ionised Medium
(WIM), Reflection Nebula (RN) and Photo-Dissociation Region (PDR).
The defining parameters of the spinning dust models, nH , the hydrogen
number density, Tgas, the gas temperature, Tdust, the dust temperature
and χISRF , the strength of the ISRF relative to the average background
field (Mathis et al., 1983), for each of the Galactic environments are listed
in Table 1.1.
Crude Analysis
Spinning dust can be understood in crude terms by considering a rotating,
spherical homogeneous dust grain. Using equipartition of the rotational
degrees of freedom gives:
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1
2
Iω2 = kBT (1.16)
where I is the moment of inertia, ω is the angular frequency, kB is the
Boltzmann constant and T is the temperature of the dust grain. For a
spherical homogeneous dust grain, the moment of inertia is given by
I =
2
5
mR2 (1.17)
and if we assume a radius, R, of
R = N.10−10 m (1.18)
where N is the cubic root of the total number of atoms in the grain, then
the rotation frequency is given by
ν = 6.5× 103
√
T
ρN5
GHz (1.19)
Assuming a typical mass density for very small grains, ρ ≈ 1000 kg m−3 (e.g.
Naphthalene has a mass density of 1140 kg m−3), and a typical dust tem-
perature, T ≈ 25 K, and N ≈ 4 – 5 (≈ 100 atoms in total), this results
in ν ≈ 30 GHz (Simon Casassus, Private Communication). This brief anal-
ysis explains the need for small dust grains to produce the spinning dust
emission in the observed frequency range. This idea is displayed in Fig. 6.30,
which plots the spinning dust emissivity for a range of dust grain size dis-
tributions, and it is clear to see that small dust grains produce the greatest
emissivity.
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Table 1.1: Idealised environments for the ISM as defined by Draine and Lazarian
(1998a,b) for their spinning dust model: nH is the hydrogen number density, Tgas
is the gas temperature, Tdust is the dust temperature and χISRF is the strength
of the ISRF relative to the average background field (Mathis et al., 1983).
Parameter Environment
DC MC CNM WNM WIM RN PDR
nH (cm−3) 104 300 30 0.4 0.1 103 105
Tgas (K) 10 20 100 6000 8000 100 300
Tdust (K) 10 20 20 20 20 40 50
χISRF 10−4 0.01 1 1 1 1000 3000
xH ≡ n(H+)/nH 0 0 0.0012 0.1 0.99 0.001 0.0001
xM ≡ n(M+)/nH 10−6 0.0001 0.0003 0.0003 0.001 0.0002 0.0002
y ≡ 2n(H2)/nH 0.999 0.99 0 0 0 0.5 0.5
Figure 1.12: Spinning dust curves for each of the different astrophysical envi-
ronments analysed by Draine and Lazarian (1998a,b). The parameters used to
produce these curves are listed in Table 1.1.
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Polarisation
Due to the continuous interactions between the spinning dust grains and the
excitation processes, the spinning dust grains are unlikely to align with the
magnetic field, and hence emission from spinning dust grains is not expected
to be highly polarised: linear polarisation is expected to be ≈ 3 – 5 % at
10 GHz, falling to < 2 % above 20 GHz (Lazarian and Draine, 2000).
Magnetic dipole emission, however, is produced by magnetic dust, and ferro-
magnetic relaxation could act to align the dust grains, resulting in magnetic
dipole emission being strongly polarised with ≈ 10 % below 10 GHz, rising
to > 30 % at 100 GHz (Draine and Lazarian, 1999).
This implies that if the anomalous emission is due to spinning dust then
this limits the polarised foregrounds for future B-mode observations. This
polarisation limit for spinning dust also provides a diagnostic tool allowing
us to distinguish between it and the more highly polarised magnetic dipole
radiation and synchrotron emission (see Section 7.2.7).
Subsequent Observations of Anomalous Microwave Emission
Initially, all of the information regarding anomalous emission was based on
statistical analyses of large areas of sky, as described previously, however
more recently information has been obtained from observations of individual
sources. To date, there are only a small number of anomalous emission
detections from specific Galactic objects: LDN 1621 (Dickinson et al., 2010),
LDN 1622 (Finkbeiner, 2004; Casassus et al., 2006); ρ Ophiuchus (Casassus
et al., 2008), the Perseus molecular cloud (Watson et al., 2005), a selection
of southern Hii regions (Dickinson et al., 2007), RCW 175 (Dickinson et al.,
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2009) and some Lynds dark nebulae (Scaife et al., 2009). Recently, the first
detection of anomalous emission from the external galaxy, NGC 6946, was
detected by Murphy et al. (2010) with a follow-up observation by Scaife
et al. (2010) confirming this detection. This is a really significant and
intriguing result as it reinforces the idea that anomalous emission must
be a common emission mechanism found in the ISM, of not only our own
Galaxy, but also in other galaxies.
In terms of polarisation, there have only been three measurements made
towards regions of anomalous emission: Battistelli et al. (2006) observed the
Perseus molecular cloud at 11 GHz and measured the level of polarisation to
be 3.4 %; Dickinson et al. (2007) observed a number of southern Hii regions
at 31 GHz and placed an upper limited of 1 % on the level of polarisation;
and Mason et al. (2009) observed LDN 1622 at 9 GHz and measured the
polarisation to be 3.5 %. All three of these analyses appear consistent with
the polarisation levels expected from the spinning dust hypothesis (Lazarian
and Draine, 2000).
Anomalous Microwave Emission: A new tool to study the Inter-
stellar Medium
At present, the only method available to study the small dust grain popu-
lations (VSGs and PAHs) involves near- to mid-IR observations. However,
these wavelengths are dominated by point source emission that can con-
taminate the diffuse emission. Spinning dust, if proven to be the correct
theory to explain this anomalous excess emission, could provide an alter-
native method with which to study the small dust grain populations in the
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ISM.
Rafikov (2006) found that for typical parameters of disks around Herbig
Ae/Be stars, T Tauri stars and brown dwarfs, and assuming that ≥ 5 %
of the total carbon abundance is locked up in PAHs, then spinning dust
dominates over thermal vibrational dust emission by a factor of at least a few
for ν ≤ 50 GHz. The author concludes, that provided any contamination
from free-free and synchrotron emission can be mitigated, then the emission
mechanism of spinning dust provides an effective method for investigating
the properties of nanoscale dust particles in circumstellar disks.
This is one possible example of using spinning dust as a new tool to probe
the ISM, however, if spinning dust is proved to be correct and accurately
accounts for the anomalous microwave emission, then I expect more exam-
ples of spinning dust being used to investigate the PAH and VSG dust grain
populations. This highlights another important reason to try and pinpoint
the exact emission mechanism responsible for the anomalous microwave
emission.
1.3 Foreground Subtraction from the Cosmic Mi-
crowave Background
To make an accurate measurement of the CMB temperature anisotropies, the
foregrounds must first be subtracted. If you are to make a measurement of the
E- and B-modes, then the level of understanding of these CMB foregrounds must
be known with great accuracy to allow these to be removed with the required
precision.
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For the Galactic CMB foregrounds, synchrotron and free-free emission dom-
inate at frequencies below ∼ 60 GHz while thermal vibrational dust emission
dominates at higher frequencies. This suggests that the best frequency to ob-
serve the CMB would be at ∼ 60 – 70 GHz, where the foregrounds are at a
minimum, however, this needs to be done from space due to the strong oxygen
line at ∼ 60 GHz in the Earth’s atmosphere. Therefore, if one observes the CMB
at this frequency one can be assured that the contamination from the Galactic
foregrounds is minimal, but there is no way of actually quantifying this minimal
level. To do this requires observations at multiple frequencies. In principle, it
is possible to distinguish between these different foregrounds by comparing their
spatial and frequency dependence (see Fig. 1.13), which can be achieved by map-
ping the sky in a range of different frequency bands. This allows templates to be
created that can then be used to model the foregrounds for accurate subtraction
for CMB studies.
The synchrotron template is created using the radio maps between ∼ 408 MHz
and 1420 MHz, and then extrapolated to higher frequencies. This extrapola-
tion, however, is non-trivial due to the spectral index changing with frequency
e.g. steeping with frequency due to spectral ageing.
The free-free emission is modelled by observing the Hα emission, as both
emissions originate from the same source (ionised gas), and both intensities are
proportional to the Emission Measure (EM), the line of sight integral of the free
electron density squared (EM ∝ ∫ n2edl). It must be noted that Hα observations
are made more difficult by the fact that the Hα wavelength occurs in the optical
regime, which makes visual extinction a real problem.
Thermal vibrational dust emission is observed using far-IR observations which
is produced by the vibration of BGs. It is only these BGs that contribute in the
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Figure 1.13: The r.m.s. anisotropy as a function of frequency from the CMB (red
line) and the three standard Galactic foregrounds: synchrotron, free-free and
thermal vibrational dust emission. This highlights the spectral dependence of the
three Galactic foreground components showing how below ∼ 60 GHz, synchrotron
and free-free emission are the dominant CMB foregrounds, while above ∼ 60 GHz,
thermal vibrational dust emission is the dominant foreground. Also shown are
the five WMAP bands highlighting the need for multiple frequency observations
to subtract the Galactic CMB foregrounds. Credit: NASA/WMAP Science
Team.
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microwave regime due to the Rayleigh-Jeans dust tail.
Galactic foregrounds are therefore not only important when observing the
CMB, but are also important themselves, and it is crucial to understand the
nature of the physics involved. This is especially true for the anomalous emission,
which forms the basis of this thesis.
1.4 Atmospheric Windows
The whole of the electromagnetic spectrum provides a range of wavelengths and
energies over which various phenomena can be observed. However, due to the
Earth’s atmosphere, not all of the electromagnetic spectrum can be observed from
Earth. This can be seen in Fig. 1.14, which shows the atmospheric opacity across
the electromagnetic spectrum. There are three windows in which observations
can be performed from the ground: optical, near-IR and radio. The optical
and near-IR windows are relatively narrow. The radio window is much larger,
spanning a wide range for wavelengths/frequencies, defined by water vapour and
carbon dioxide at the shorter wavelength end, and by the ionosphere at the longer
wavelength end. All other wavelengths (γ – rays, X – rays and mid- to far-IR)
must therefore be observed from space using satellites (e.g. Fermi, Chandra and
IRAS). The data discussed and analysed throughout this thesis spans a range of
wavelengths, from a few GHz in the radio regime, all the way to the near-IR, and
as such the data were obtained using both ground-based instruments and space
based satellites.
Since the CMB resides in the microwave regime it is therefore possible to
observe with ground-based radio telescopes. However, the atmosphere becomes
more of a hindrance as the frequency increases above ∼ 10 GHz (see Fig. 1.14),
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Figure 1.14: Atmospheric opacity as a function of wavelength illustrating the
atmospheric windows. This displays the fraction of light that can penetrate the
Earth’s atmosphere at various wavelengths. Visible, near-IR and radio waves can
propagate through the atmosphere, while mid- to far-IR, X – rays and γ – rays
have to be observed above the atmosphere from space. Note that the atmo-
spheric opacity varies from location to location and with altitude. Courtesy of
NASA/JPL–Caltech.
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and hence the atmosphere can be considered as a terrestrial CMB foreground.
Therefore ground-based instruments must be located at high altitudes, or to com-
pletely mitigate the atmospheric effects, and to observe the whole sky, one needs
to be in space. The CMB has been observed by satellites such as COBE, WMAP
and Planck, however, the cost of satellite missions is extremely high. Another
method to remove atmospheric effects is to perform ground-based observations
using a radio interferometer, which will be discussed in Chapter 2.
1.5 Thesis Outline
In this Chapter I have discussed the CMB, and the importance in achieving
sensitive measurements of the temperature anisotropies. I have also discussed the
contaminating CMB foregrounds and how they can be accurately subtracted from
the CMB observations. The aim of this thesis is to improve our understanding
of the anomalous microwave emission. By studying this anomalous emission, I
aim to characterise the emission and help shed some light on the origin and exact
nature of the emission. Chapter 2 describes the instrument and techniques used
to perform these observations, along with the region under investigation, while in
Chapter 3 I discuss the ancillary data used to help analyse the emission. Chapter 4
contains the interpretation of the previous Chapters analysis. In Chapter 5 I
describe data obtained with the Spitzer Space Telescope and in Chapter 6 I use
the Spitzer data to characterise the dust within the region. Chapter 7 brings all
the results together and provides a conclusion on this work and also discusses the
future work that needs to be performed in order to help further our understanding.
Chapter2
The Very Small Array
2.1 Introduction to the Very Small Array
The Very Small Array (VSA) was a joint collaboration between the Jodrell Bank
Observatory (The University of Manchester), Cavendish Astrophysics Group (Uni-
versity of Cambridge) and the Institudo de Astrofísica de Canarias (Tenerife).
The primary aims of the VSA project were to map the primordial CMB temper-
ature fluctuations and hence measure the angular power spectrum to constrain
the cosmological parameters.
The VSA was a ground-based, 14 element heterodyne interferometric array
that operated in the Ka-band (26 – 36 GHz). It was located at the high, dry
site of Teide Observatory, Tenerife, at an altitude of 2400 m, where most of the
atmospheric emission is mitigated and the weather is relatively stable (Davies
et al., 1996). The array was also enclosed within a ground shield that significantly
reduced spillover emission from the ground at T ∼ 270 K.
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Table 2.1: Characteristics of the VSA in all three array configurations.
Compact Extended Super-Extended
Location Teide Observatory
Altitude 2400 m
Latitude +28◦ 18′
Frequency 26 – 36 GHz
Bandwidth 1.5 GHz
RA Range ± 3 hrs
DEC Range −7◦< DEC < +63◦
No. of antennas (baselines) 14 (91)
No. of correlations 182
Tsys (K) ∼ 35
Primary Beam FWHM (deg) ∼ 4.6 ∼ 2.0 ∼ 1.2
Resolution (arcmin) ∼ 30 ∼ 11 ∼ 7
Multipole Range ∼ 100–900 ∼ 250–1500 ∼ 500–2500
Aperture Diameter (mm) 143 322 608
Aperture Efficiency 0.69 0.69 0.55
Sensitivity (mJy in 300 hrs) ∼ 30 ∼ 6 ∼ 2
Sensitivity (µK in 300 hrs) ∼ 10 ∼ 15 ∼ 12
Since it was commissioned in 2000, the VSA has undergone three major con-
figurations: compact, extended and super-extended, the specifications of which
are summarised in Table 2.1. As can be identified from Table 2.1, the three VSA
configurations differed in angular resolution, which was achieved by increasing
both the aperture size and the antenna spacings. These three configurations al-
lowed the VSA to observe the CMB fluctuations over a wide range of multipoles,
namely, ≈ 150 ≤ ` ≤ 1500 (Grainge et al., 2003; Scott et al., 2003; Dickinson
et al., 2004).
The VSA was designed to allow antennas to be positioned anywhere onto a
4 m × 3 m tip-tilt table, but always attached at an angle of 35◦. The table had
an elevation range of 0◦ to 70◦, giving a range of ± 35◦ from the zenith in the
north-south direction. In addition to this, the fact that the mirrors at the ends
of the antennas could be rotated gave a range of ± 45◦ in the east-west direction.
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Tip − Tilt Table
Figure 2.1: Schematic diagram showing the geometry of the VSA. The tip-tilt
table had an elevation range of 0◦ to 70◦, with the antennas always attached to
the table at an angle of 35◦. The mirrors attached to the ends of the antennas
could be rotated by ± 45◦ in the east-west direction.
This allowed the VSA to observe a range of approximately ± 3 hours in Hour
Angle and a declination range of −7◦ to +63◦.
Fig. 2.1 is a schematic diagram displaying the geometry of the VSA, while
Fig. 2.2 displays the location of the antennas on the tip-tilt table for the super-
extended configuration. Using the whole of the tip-tilt table allows baselines
of up to ≈ 4 m. Fig. 2.3 shows an image of the VSA in the super-extended
configuration, and it was in this antenna configuration that the data analysed in
this thesis were obtained.
Although the primary aims of the VSA were cosmological and to observe
the CMB temperature anisotropies, observations of the Galactic CMB foregrounds
were also performed, one of which included the Perseus molecular cloud.
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Figure 2.2: Antenna configuration for the super-extended array showing the lo-
cation of the antennas on the tip-tilt table.
Figure 2.3: An image of the VSA in the super-extended configuration. Image
taken from the Institudo de Astrofísica de Canarias website.
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2.2 The Theory of Radio Interferometry
Interferometry is the technique of combining two or more waves, and studying the
interference caused by the superposition of these incoming waves. This technique
can be applied to radio astronomy by combining two or more radio antennas,
and analysing the interference of the radio waves, resulting in improved sensitiv-
ity and angular resolution over a single antenna. The major advantages of an
interferometer are listed below.
Advantages of an interferometer
(i) Measures correlated power, unlike a single dish which measures total power.
(a) Atmospheric stability: the emission from the atmosphere is largely
uncorrelated (provided the antenna beams do not overlap), therefore
the atmosphere only contributes to the system noise.
(b) Receiver stability: any short-term gain fluctuations will be uncorre-
lated and hence will only contribute to the system noise.
(ii) Fringe-rate filtering: astronomical signals are modulated at the celestial
fringe-rate by the Earth’s rotation and hence can be attenuated.
(iii) Point source subtraction: radio sources can be detected by the longer base-
lines, which are more sensitive to smaller angular scales, and hence removed.
(iv) Increased angular resolution: the angular resolution depends on the baseline
separation.
(v) Multiple baselines allows a wide range of angular scales to be measured.
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The simplest radio interferometer is the two-element interferometer, which is
discussed in Section 2.2.1.
2.2.1 The Two-Element Interferometer
The simplest interferometer consists of two antennas separated by a single base-
line, D, as shown schematically in Fig. 2.4. A plane wave of amplitude, E,
originating from a source situated at infinity will induce the voltage, U1, at the
output of the first antenna
U1 ∝ Eeiωt (2.1)
and a voltage, U2, at the output of the second antenna
U2 ∝ Eeiω(t−τg) (2.2)
where τg is the geometric delay1 caused by the path difference of the incoming
wave. These outputs are then processed in a complex correlator, which first
multiplies the outputs and then integrates, resulting in
R ∝ E
2
T
∫ T
0
eiωte−iω(t−τg)dt (2.3)
If T is a time much longer than a full oscillation, then the average over time,
T , will be similar to the average over a single full period, therefore
R ∝ ω
2pi
E2
∫ 2pi/ω
0
eiωτgdt (2.4)
1An instrumental delay, τi, is inserted into one arm of the interferometer to compensate for
the geometric delay, to ensure the signals arrive simultaneously at the correlator.
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Figure 2.4: Schematic diagram showing the geometry of the two-element inter-
ferometer.
or
R ∝ 1
2
E2eiωτg (2.5)
This shows that the output of the correlator varies periodically with τg. If the
relative orientation of the baseline, D, and the wave propagation direction, S,
remains invariant, then τg remains constant and hence so does R. However, as
will be discussed in Section 2.2.2, S changes due to the Earth’s rotation, therefore
τg varies producing interference fringes as a function of time. Thus as the source
moves across the sky, the output fringe pattern varies between 0 and E2.
In terms of measurable quantities, consider a sky brightness distribution,
Iν(S), and an effective collecting area, A(S), then the total response is
CHAPTER 2. THE VERY SMALL ARRAY 78
R(D) =
∫ ∫
Ω
A(S)Iν(S)e
[i2piν( 1cD·S−τi)]dΩdν (2.6)
For an extended source, it is practical to define a phase reference position, S0,
to which all phases are measured so that S = S0 + σ. Substituting this into
equation 2.6 results in
R(D) = e[iω(
1
c
D·S0−τi)]dν
∫ ∫
Ω
A(σ)Iν(σ)e
(iωcD·σ)dσ (2.7)
The first term (the exponential) describes a plane wave which defines the phase,
while the second term (the integral) is known as the visibility function, V . The
response is therefore a complex quantity containing an amplitude and a phase.
2.2.2 u,v Coverage of a Radio Interferometer
It makes sense to rewrite equation 2.7 by decomposing σ and D into Cartesian
co-ordinates. In these new co-ordinates, the visibility function becomes
V (u, v, w)e−i2piω = V (u, v, 0) =
∫ ∞
−∞
∫ ∞
−∞
A(x, y)I(x, y)ei2pi(ux+vy)dxdy (2.8)
where x and y are sky co-ordinates and u,v,w are three orthogonal components
of the projected baseline: v (north-south); u (east-west); and w (direction to
source). Most sources are not significantly extended and hence this is why it is
possible to make the assumption that all baselines are co-planar, and hence w is
zero. This plane, which is perpendicular to the source direction, is known as the
u,v plane. Note that u,v,w distances are expressed in units of wavelength.
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The visibility function, described by equation 2.8, can therefore be consid-
ered as the two-dimensional Fourier transform of the sky brightness distribution
weighted by the primary beam. Therefore by performing the inverse Fourier
transform we obtain
I ′(x, y) = A(x, y)I(x, y) =
∫ ∞
−∞
∫ ∞
−∞
V (u, v, 0)e−i2pi(ux+vy)dudv (2.9)
where I ′(x, y) is the intensity, I(x, y), modified by the primary beam shape,
A(x, y).
Fig. 2.5 displays how a projected baseline on the Earth, traces an ellipse in the
u,v plane due to the rotation of the Earth. Since the sky brightness distribution
is real, the visibility function is Hermitian i.e.
V (u, v, 0) ≡ V ∗(−u,−v, 0) (2.10)
and therefore a single baseline traces two ellipses in the u,v plane. This results
from the fact that the single baseline from antenna 1 to antenna 2 is equivalent to
the single baseline from antenna 2 to antenna 1, except that the phase is reversed.
If multiple baselines are present, then many simultaneous measurements can be
made in the u,v plane (e.g. see Fig. 2.6).
Plots in Fig. 2.6 show the u,v coverage for the Very Large Array (VLA) and
the Very Long Baseline Interferometry (VLBI) Pie Town antenna for a source at a
range of declinations from 0◦to +80◦. It is possible to note that the coverage of the
u,v plane depends on the declination of the source. Sources with a declination of
90◦ produce circular tracks, while sources with a declination of 0◦ produce ellipses
with a semi-minor axis of zero, making it more difficult to observe sources at this
declination.
CHAPTER 2. THE VERY SMALL ARRAY 80
1 2 3 4
u
v
1
2
3
4
N N NN
Figure 2.5: Schematic diagram showing the coverage of the u,v plane produced by
a single baseline. The orientation of a single baseline as the Earth rotates (Top
row) and the corresponding position on the u,v plane (Bottom row) are illus-
trated. This shows how, due to the rotation of the Earth, a single baseline traces
an ellipse in the u,v plane.
CHAPTER 2. THE VERY SMALL ARRAY 81
Figure 2.6: Simulated u,v coverage for the VLA with the VLBI Pie Town antenna
connected via optical fibre for a 12 hour observation for a range of source decli-
nations. This illustrates how the ellipses in the u,v plane are circular for sources
at a declination of 90◦, and are single lines for sources at a declination of 0◦.
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One point to note regarding the u,v coverage is that although the improved
angular resolution is listed as an advantage of an interferometer in Section 2.2,
it can also be a disadvantage. The finite range of baselines, and hence the u,v
coverage, force a limit on both the smallest and largest angular scales that can be
observed. Therefore, the observer must choose the appropriate telescope based
on the targets they wish to observe. Also, it is possible to see from Fig. 2.4 that
the angular resolution of the interferometer is greatest at the zenith and decreases
with increasing angle, θ, due to the shortening of the projected baseline, Dcosθ.
2.2.3 Radio Interferometer Baselines
As discussed in Section 2.2.1, a single baseline of a radio interferometer measures
one Fourier component of the observed sky brightness distribution. Therefore, to
better understand the source, we wish to measure as many Fourier components
as possible. This process is known as aperture synthesis, with the key aim of
fully sampling the u,v plane.2 This is best achieved by using as many baselines
as possible. For an interferometer with a number of antennas, Nant, the total
number of baselines, Nbase, is calculated by
Nbase =
Nant(Nant − 1)
2
(2.11)
For example, the VLA has 27 independent antennas, and hence has 351 baselines,
while the VSA has only 14 antennas corresponding to 91 baselines.
2In practice it is impossible to fully sample the u,v plane. For example, the smallest u,v
values are limited by the minimum separation of any two antennas, therefore there will always
be missing central components.
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2.2.4 Map Making
If the visibility function, as described by equation 2.8, is known for the full u,v
plane in both amplitude and phase, then this can be used to determine the
sky brightness distribution by performing the Fourier transform (equation 2.9).
However, in general the visibility function is only sampled at discrete points in
the u,v plane. This results in
IDirty(x, y) =
∫ ∞
−∞
∫ ∞
−∞
V (u, v)S(u, v)e−i2pi(ux+vy)dudv (2.12)
where S(u, v) is the sampling function and IDirty(x, y) is the resulting sky bright-
ness distribution, known as the dirty map. This can be represented as
IDirty(x, y) = I(x, y) ∗ B(x, y) (2.13)
where B(x, y) is known as the dirty beam, and given by
B(x, y) =
∫ ∞
−∞
∫ ∞
−∞
S(u, v)e−i2pi(ux+vy)dudv (2.14)
and ∗ denotes the convolution operator.
The exact shape of the dirty beam depends on the density weighting function
used to compensate for the distribution of the data in the u,v plane. There are
two commonly used weighting functions: natural weighting and uniform weight-
ing. Natural weighting maximises point source sensitivity, but tends to give
more weight to the shorter baselines and hence degrades the resolution. Uniform
weighting, on the other hand, gives more weight to the longer baselines, increas-
ing the resolution, but provides less point source sensitivity. Therefore, a hybrid
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of both natural and uniform weighting, called robust weighting, has been intro-
duced (Briggs, 1995), allowing for a compromise between the sensitivity and the
resolution to be achieved.
From equation 2.13, it is possible to identify that to obtain the true sky
brightness distribution, I(x, y), deconvolution is required. One such solution
to this deconvolution problem is provided by the CLEAN algorithm (Högbom,
1974). This assumes that the sky is composed of a number of point sources, and
employs a simple, iterative method to find the position and strength of these
point sources. The resulting CLEAN image, I(x, y), is simply the sum of these
point sources convolved with the CLEAN beam.
2.2.5 Sensitivity of a Radio Interferometer
The flux density sensitivity, ∆S, of a point source, measured with a single po-
larisation interferometer, using natural weighting, is given by Thompson et al.
(2001) as
∆S =
2
√
2kBTsys
ηA
√
n(n− 1)∆ντ
(2.15)
where, kB is the Boltzmann constant; Tsys the system temperature; η the aperture
efficiency; A the collecting area; n the number of antennas in the array; ∆ν
the bandwidth and τ is the total integration time. Therefore, to achieve the
best possible sensitivity,3 observations need to be performed with the maximum
number of antennas, the maximum bandwidth, long integration times, and with
minimal system temperature.
3The final sensitivity depends on the u,v coverage, which in turn depends on the flagging of
the visibility data.
CHAPTER 2. THE VERY SMALL ARRAY 85
In the Rayleigh-Jeans regime (kBT  hν), the brightness temperature sensi-
tivity is given by
∆T ≈ λ
2∆S
2kBΩ
(2.16)
where Ω is the synthesized beam solid angle.4
2.3 Observations of the Perseus Region
As mentioned when discussing anomalous microwave emission in Section 1.2.2, the
Perseus molecular complex is a region in which anomalous emission has previously
been detected.
The Perseus molecular complex is a giant molecular cloud chain ∼ 30 pc
in length, containing a total gas mass of ∼ 1.3×104 M located approximately
250 – 350 pc5 away in the constellation of Perseus (Ridge et al., 2006b).
As can be seen in Fig. 2.7, the Perseus molecular cloud is one of a few nearby
molecular clouds making up the Gould Belt. However, Perseus is particularly
interesting, not only because of this relative proximity, but also because it forms
low-to-intermediate mass stars, and thus provides a link between the well-known
low mass star formation in the Taurus molecular cloud and the high mass star
formation in the Orion molecular cloud. The eastern end of the cloud contains
the 2 – 4 Myr old open cluster IC 348, which contains several hundreds of young
stars, while the western region of the cloud contains the most active sites of star
formation including NGC 1333, with approximately 200 young stars. Fig. 2.8
4The synthesized beam depends critically on the geometry of the array.
5Estimates of the distance to Perseus range from 220 to 350 pc (see e.g. Cernis, 1990), most
probably because different regions of the cloud complex are at different distances along the line
of site, and therefore a single distance to the whole cloud may not be appropriate. The analysis
performed in this thesis does not require the distance to the cloud to be accurately known.
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Figure 2.7: IRAS 100 µm emission map with the Gould Belt superimposed.
This highlights the location of the Perseus molecular complex on the sky and
its position within the Gould Belt. Map is in Galactic co-ordinates with the
Galactic centre at the image centre. Image taken from the JCMT Gould’s
Belt Legacy Survey website.
displays observations of IC 348 obtained with the FLoridA Multiobject Imag-
ing Near-infrared Grism Observational Spectrometer (FLAMINGOS) highlight-
ing the number of the stars within the open cluster.
Within the vicinity of the Perseus molecular cloud is the remarkably complete
dust shell, G159.6–18.5, with a diameter of ≈ 1.5 degrees (see Fig. 2.13). Fig. 2.9
shows a 13CO image of the Perseus molecular cloud overlaid with contours dis-
playing the Improved Reprocessing of the IRAS Survey (IRIS) 100 µm emission.
Also identified are the two major sites of star formation, IC 348 and NGC 1333,
the dust shell, G159.6–18.5, and its central star, HD 278942. The rectangular
box represents the region in which the observations analysed and discussed in
this thesis were performed.
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Figure 2.8: FLAMINGOS near-IR J , H andKs colour composite image of IC 348,
highlighting the large number of young stars (Muench et al., 2003). The field of
view is 20.5 arcmin × 20.5 arcmin, with north being up, and east is to the left.
o Persei is the bright blue star in the north of the image.
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Figure 2.9: 13CO intensity colour image (Ridge et al., 2006a) of the Perseus
molecular cloud overlaid with contours of the IRIS 100 µm emission (10, 20, 40,
60 and 80 % of the peak emission 680 MJy sr−1) showing the location of the
dust shell G159.6–18.5 (dashed line), the central star HD 278942 (cross) and the
location of the two major star formation sites, IC 348 and NGC 1333. The box
illustrates the region in which the VSA observations were performed.
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2.3.1 The COMPLETE Survey
The COordinated Molecular Probe Line Extinction Thermal Emission (COM-
PLETE) Survey of Star Forming Regions (Ridge et al., 2006a) is a project cov-
ering the Perseus, Ophiuchus and Serpens regions. It was designed to provide
an unprecedented, comprehensive database, including extinction maps, emission
maps of atomic and molecular line data (Hi, 12CO and 13CO) and emission maps
of submillimetre continuum data, all in the hope of answering many of the unad-
dressed questions regarding star formation.
Figure 2.10: Hα emission overlaid with contours of N(H) computed from IRAS.
The Hα emission fills the shell indicating that the shell is likely to be filled with
Hii gas (Ridge et al., 2006b).
Ridge et al. (2006b) used the COMPLETE data to perform an analysis on
the dust shell, G159.6–18.5. Looking at the Hα emission, they identified that the
shell surrounds the Hα emission, and concluded that the shell is filled with Hii
gas. This idea can be seen in Fig. 2.10. Ridge et al. (2006b) also found that the
Hα emission is located beyond the molecular cloud because the cloud appeared
to extinguish the Hα emission (see Fig. 2.11).
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Figure 2.11: Hα emission overlaid with contours of visual extinction from
2MASS/NICER. The extinction from the molecular cloud obscures the southeast
quadrant of the shell, indicating that the Hα emission, and hence G159.6–18.5,
is located beyond the molecular cloud (Ridge et al., 2006b).
2.3.2 COSMOSOMAS Experiment
The dust feature, G159.6–18.5, was observed with the COSMOlogical Struc-
tures on Medium Angular Scales (COSMOSOMAS) Experiment by Watson et al.
(2005). COSMOSOMAS was a CMB experiment located at Teide Observa-
tory, Tenerife that operated at four frequencies centred on 10.9, 12.7, 14.7 and
16.3 GHz, with an angular resolution of 0.8 – 1.1 degrees (see Gallegos et al.,
2001, for further details on the observing strategy).
Watson et al. (2005) found a rising spectrum across the four COSMOSOMAS
bands, and when they combined their results with WMAP data, they identified
a bright source of dust-correlated emission at ≈ 20 – 30 GHz, with a peaked
spectrum, indicative of the spinning dust models proposed by Draine and Lazarian
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Figure 2.12: SED of G159.6–18.5 as observed with COSMOSOMAS (Watson
et al., 2005). Incorporating ancillary data, a peaked spectrum was identified be-
tween ≈ 10 – 100 GHz, indicative of the spinning dust models proposed by Draine
and Lazarian (1998a,b).
(1998a,b). The SED of this dust-correlated feature is shown in Fig. 2.12.
These results prompted further investigation of this region, which is the main
aim of this thesis.
2.3.3 VSA
Given the results of the COSMOSOMAS analysis (Watson et al., 2005), it was
decided that follow-up observations of G159.6–18.5 should be performed, but
at much higher angular resolution. These observations were performed with
the VSA.
The Perseus molecular cloud is a relatively large region, and the dust feature
G159.6–18.5 is ∼ 2 degrees × 2 degrees. With the VSA super-extended array
primary beam of ≈ 1.2 degrees, the region could not be mapped with a single
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Figure 2.13: VSA pointings of the dust feature, G159.6–18.5, overlaid on the IRIS
100 µm map. The co-ordinates of the beam positions are listed in Table 2.3, and
each VSA pointing represents the 1.2 degree FWHM of the VSA primary beam.
pointing and hence the region had to be mosaicked. Mosaicking ensures large
regions can be observed while maintaining sensitivity.
Observations were performed intermittently during the period of Sept 2005
to July 2008, with a total of eleven pointings required to map the region. A
summary of all the pointings is listed in Table 2.3 and Fig. 2.13 displays the
location of all eleven pointings on the IRIS 100 µm map. The IRIS 100 µm map
clearly displays the shell-like nature of G159.6–18.5.
2.4 VSA Data Analysis – reduce
The VSA data were reduced using the reduce software package. reduce is the
specifically designed software to reduce the VSA data and was written by David
Tittering, with contributions from other members of the VSA collaboration. The
raw data can be imported to reduce, and it then allows the user to inspect the
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data, flag data and perform the data reduction along with flux density and phase
calibration.
2.4.1 Data Reduction
The raw data filename format contains the source name and the date of observa-
tion (e.g. CRAB-061021.raw). These files are in binary format, consisting of two
numbers representing the real (cosine) and imaginary (sine) channels, accompa-
nied by the associated weight, for each baseline. Upon importing the data to
reduce, several operations are automatically performed including time-stamp
error corrections, correlator error corrections and flagging of pointing errors.
The main steps in a typical data reduction routine involve the following op-
erations:
• Apply slow phase (Walsh) demodulation – an extra 16 second cycle phase-
switch is introduced to remove zero offsets in the correlator.
• Apply initial sample integration.
• Apply primary integration amplitude correction.
• Apply filtering to remove slow interference fringes – fringe-rate filtering to
remove contaminating signals.
• Apply fringe rotation to the designated phase centre – rotate the fringes to
the phase centre to compensate for the varying paths between antennas.
• Apply primary calibration – amplitude and phase calibration using solutions
from observation of a known source.
• Apply secondary sample integration.
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• Apply rain gauge amplitude correction – gain variations are monitored and
the automatic gain control ensures the system remains stable even under
varying atmospheric conditions.
2.4.2 Calibration
An ideal flux density calibrator should be a bright, unpolarised, stable point
source. Of course in reality, this is almost never achievable, especially at∼ 30 GHz,
where there are very few sources with accurate measurements of flux density (see
Table 2.2). The flux density calibration for the VSA is intrinsically tied to
Jupiter, to which all other calibrators are compared. The brightness temper-
ature, Tb, of Jupiter was measured with WMAP (Hill et al., 2009) resulting in
T Jupiterb = 146.6 ± 0.75 K at 33 GHz.
From the sources listed in Table 2.2, Tau-A was selected as the flux density
calibrator due to its proximity with the Perseus molecular cloud (≈ 26 degrees
apart on the sky), which meant that both target and calibrator were available
at the same time of day. Tau-A, also known as the Crab nebula, is one of the
strongest radio sources in the sky, and is a filled-centre supernova remnant in the
constellation of Taurus. It is a result of the supernova event of ad 1054, and at
the centre of the remnant is the Crab pulsar.
Tau-A, however, does not meet the criteria for an ideal calibrator, as I de-
scribed at the start of this Section. Firstly, it is an extended source and hence a
higher resolution map is required to model the calibrator and apply a resolution
correction. Secondly, Tau-A is polarised: 7.8 ± 0.6 % at 33 GHz (Hafez et al.,
2008). This results in the flux density observed with the VSA changing with Hour
Angle (see Figure 8 in Hafez et al., 2008). Therefore, to mitigate any systematic
errors, calibration observations of Tau-A were typical short (≈ 10 mins) and if
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Table 2.2: Summary of flux density calibrators at ≈ 30 GHz.
Source Flux density Tb Approx. size Polarisation Reference
(Jy) (K) (arcmin) (%)
Jupiter – 146.6 ± 0.75 ∼ 0.7 – Hill et al. (2009)
Saturn – 141 ± 5 ∼ 0.2 – Mason et al. (1999)
Tau-A 350 – 4 × 6 ∼ 10 Green (2004)
Cas-A 179 – 5 – Green (2004)
possible, observed at a fixed Hour Angle. This ensures that the observed flux
density is constant and since the observations of Tau-A were calibrated using
Jupiter, the absolute calibration uncertainty is < 1 %.
The VSA is extremely phase stable to the extent that a single phase calibration
is typically adequate for data within ± 12 hours of observation. Combining this
with the stability of Tau-A, it was decided to use Tau-A as both a flux density
and phase calibrator.
The calibration observation is reduced with no fringe rotation, leaving the raw
fringes of the source. Fig. 2.14 shows the fringes, both real and imaginary, for
an observation of Tau-A. Since the geometry of the antennas and the observing
frequency is known, these fringes are iteratively fitted resulting in a .pcal file,
which is used to apply the calibration. The digital correlator units are then
scaled by the correct amount so that the amplitudes for each channel equal the
known flux density of the calibrator.
The accuracy of the calibration can easily be checked by plotting the amplitude
and phase for each baseline. The amplitude and phase plots should show stability
in both, with the amplitude fixed at the correct value and the phase should be zero
and flat. Fig. 2.15 displays the amplitude and phase plots for correctly calibrated
baselines, showing that the data have been accurately calibrated. Another check
is to map the calibrator. This was performed by Fourier transforming the data
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Figure 2.14: VSA fringes from a short observation of Tau-A for three different
baselines. Both the real (cosine) and imaginary (sine) components are plotted,
with the fringe-rate depending on the baseline length and orientation.
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Figure 2.15: Amplitude and phase plots for Tau-A showing correctly calibrated
baselines. The amplitudes are constant at ≈ 350 Jy and the phase is zero and
flat.
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Figure 2.16: VSA CLEAN map of Tau-A, which was used to check that the
calibration had been performed accurately.
and performing deconvolution using the CLEAN algorithm (Högbom, 1974). This
map, shown in Fig. 2.16, has the correct flux density and also has the correct beam
shape, again confirming that the data have been accurately calibrated.
2.4.3 Data Checks and Flagging
By analysing the amplitude and phase plots for the reduced, calibrated data it
is possible to identify spurious data. Fig. 2.17 displays the amplitude and phase
plots for good data, where no flagging was required, while Fig. 2.18 displays the
amplitude and phase plots for data where flagging was required to mitigate the
spurious data. Both plots have the same y scale for ease of comparison. One of
the identifying features of this spurious signal is that it occurred only on the short
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Figure 2.17: Amplitude and phase plots showing data where no flagging was
required.
baselines. From Fig. 2.18 it is possible to see that the spurious data is occurring
on the baselines 9/13 and 9/14, and by looking at Fig. 2.2 it is possible to see that
both baselines 9/13 and 9/14 are short baselines. Most of the spurious data can
be removed using a fringe-rate filter due to its characteristically slow fringe-rate,
however this is not perfect and that is why each amplitude and phase plot was
analysed by eye, with all the spurious data flagged manually.
2.5 VSA Data Analysis – AIPS
After all the data had been reduced, calibrated and the appropriate data flagged,
the data were exported from reduce as u,v visibility data files. These u,v data
files were imported into the Astronomical Image Processing System (AIPS) for
further data processing and analysis.
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Figure 2.18: Amplitude and phase plots showing spurious data where flagging
was required.
2.5.1 Concatenation
The total number of u,v visibility data files across all eleven pointings was
105. Not all of these observations had equal integration times, with some short
≈ 70 min observations and some longer ≈ 6 hr observations. Using the AIPS task
dbcon, I concatenated all the u,v data files for each of the eleven pointings. The
total number of observations combined for each pointing is listed in Table 2.3.
To ensure that this concatenation had been performed correctly, I checked that
the total number of visibilities was consistent both before and after concatenation.
To visualise this concatenation, I plotted the u,v coverage of a short observation,
a longer observation and also the final u,v coverage of all the concatenated files for
a single pointing (see Fig. 2.19). This shows how the concatenation was successful
and that by combining many observations of the same pointing, it significantly
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Table 2.3: Summary of the VSA observations.
No. of Total
Pointing RA DEC observations Obs. Time r.m.s. Noise
(J2000) (J2000) (hr) (mJy beam−1)
A 03:41:24 +32:03:28 14 ≈ 50 13.3
B 03:46:00 +32:03:28 8 ≈ 20 16.4
C 03:44:12 +32:03:28 14 ≈ 30 14.1
D 03:42:48 +32:39:50 19 ≈ 65 16.4
E 03:40:00 +32:39:50 9 ≈ 25 19.7
F 03:38:36 +32:03:28 4 ≈ 25 13.9
G 03:40:00 +31:27:06 5 ≈ 30 12.0
H 03:42:48 +31:27:06 7 ≈ 25 14.0
I 03:33:32 +31:34:33 14 ≈ 45 19.3
J 03:37:12 +32:39:50 6 ≈ 25 30.6
K 03:37:12 +31:27:06 5 ≈ 20 26.8
increased the u,v coverage. Not only does this increase the u,v coverage, it also
helps to sample the u,v plane more uniformly.
2.5.2 CLEANing
Concatenating all the u,v data files resulted in the production of eleven data files.
Using the AIPS task imagr, these data files were Fourier transformed to produce
a map. However, as discussed in Section 2.2.4, this map is the dirty map and
must be CLEANed. This CLEANing essentially deconvolves the dirty beam from
the dirty map, and this was performed using a CLEAN-based algorithm (Hög-
bom, 1974). imagr performs both the Fourier transform and deconvolution,
resulting in eleven CLEAN maps – one for each pointing. A CLEAN beam of
8.2 arcmin × 7.2 arcmin was computed by fitting an elliptical Gaussian to the
main lobe of the dirty beam, and a small loop gain value of 0.05 was used in
the CLEANing process to help retain the extended emission. A robust value
of zero was chosen to provide the optimum combination of natural and uniform
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Figure 2.19: u,v coverage for VSA observations. Top left : 1 hr integration time;
Top right : 5 hrs integration time; Bottom: Final u,v coverage for this pointing
created by concatenating all the individual observations. It is possible to notice
that the final u,v coverage incorporates all the individual observations. Note that
flagging has been performed on the data before producing these plots.
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weighting.
Typical values for the Root Mean Square (r.m.s.) noise in these images are
listed in Table 2.3. These values were computed outside the primary beam for
each image, and show that the observations are not dominated by thermal noise,
but rather by the dynamic range of the data and residual deconvolution effects.
These r.m.s. noise values also contain a contribution from the CMB, which will
be discussed in Section 4.2.
2.5.3 Phase Shifting
Due to an encoder problem with the VSA, there was an offset between the phase
centre and the beam centre. To correct for this misalignment, a phase shift was
applied to the data, shifting the phase centre so as to align both the phase and
beam centres. This phase shift was applied when creating the CLEAN maps
using the AIPS task imagr.
2.5.4 Source Subtraction
The quasar 4C 32.14 is located near to G159.6–18.5 on the sky (see Figs. 3.1
and 3.2), with RA: 03:36:30.2 and DEC: +32:18:29.2 (J2000). Fig. 2.20 displays
the SED of 4C 32.14. The VSA 33 GHz data point is highlighted, and appears
in agreement with previous measurements from the literature.6
This quasar was removed from the VSA map using the AIPS tasks ccedt
and uvsub. ccedt was used to create a CLEAN component table for the quasar
alone, and then the task uvsub was used to subtract this from the u,v data.
6Values extracted from the NASA/IPAC Extra-galactic Database (NED).
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Figure 2.20: Flux density spectrum for the quasar 4C 32.14 including data taken
from the literature and the VSA data. The VSA data point is highlighted (filled),
and appears in agreement with the values in the literature.
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2.5.5 Primary Beam Correction
From equation 2.9, it is possible to notice that the primary beam affects the
final image created during the Fourier transform. Using the AIPS task ltess,
with a primary beam parameter, pbparm = 0.3, the images were primary beam
corrected. This correction was performed in the image plane, and the images were
corrected out to a radius of ≈ 0.8 degrees. To see this, a Gaussian beam is taken,
for which the Full Width Half Maximum (FWHM) is related to the standard
deviation, σ, by
FWHM = 2σ
√
2 ln2 (2.17)
A pbparm value of 0.3 corresponds to
0.3 = exp
[−x2
2σ2
]
(2.18)
Substituting equation 2.17 into equation 2.18 and solving gives a value of x ≈ 0.8,
which implies that the primary beam correction is applied out to a radius of
0.8 degrees. This results in adequate overlap between each of the pointings in the
mosaic. Note that if the pbparm parameter is set to too large a value, then the
pointings would not overlap.
Fig. 2.21 illustrates this primary beam correction for one of the eleven point-
ings, where it is possible to see this correction applied out to a radius of 0.8 de-
grees.
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Figure 2.21: Dirty (Top left) and CLEAN (Top right) maps of a single pointing
towards G159.6–18.5 and the CLEAN map after performing the primary beam
correction (Bottom). The synthesized beam is displayed in the bottom left corner
of each map and the units are mJy/beam.
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2.5.6 Mosaicking
The eleven pointings were combined using the AIPS task ltess. Along with per-
forming the primary beam correction, ltess linearly combines the primary beam
corrected pointings to produce the final mosaic, which is shown in Fig. 2.22.
Negative fluxes, visible in both Figs. 2.21 and 2.22, are due to the sampling
distribution of the VSA i.e. where the u,v plane is not fully sampled in the pres-
ence of extended emission. Amplitude errors cannot account for these negative
fluxes as the negative fluxes are also visible in the ancillary data that have been
resampled with the VSA sampling distribution (e.g. see Fig. 3.7).
Along with producing a mosaic, I used the AIPS task stess to create a sensi-
tivity map, which is also shown in Fig. 2.22. Combining the emission mosaic with
the sensitivity mosaic, a signal-to-noise (S/N) ratio map was also produced (see
Fig. 2.22).
2.5.7 Flux Determination
Using the AIPS task jmfit, I individually fitted an unconstrained elliptical Gaus-
sian component and a baseline offset to each of the six features highlighted in the
final VSA map displayed in Fig. 2.23. By calculating the residual r.m.s. flux for
each of these fits, it was determined that the fitted Gaussian components ac-
counted for ≈ 99 % of the total flux in the features. Uncertainties due to phase
drifts and atmospheric/gain errors are typically less than a few percent, and I
have therefore assumed a conservative absolute calibration uncertainty of 5 %.
This uncertainty, along with the fitting error, were combined in quadrature to
determine the final error. Table 2.4 lists the position, integrated flux density,
deconvolved angular size and position angle of the fitted Gaussian component for
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Figure 2.22: VSA 33 GHz observations of G159.6–18.5. Top left : Emission mosaic
in units of mJy/beam; Top right : Sensitivity mosaic in units of mJy/beam;
Bottom: S/N ratio mosaic.
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Figure 2.23: Final VSA 33 GHz mosaic of G159.6–18.5. The location of the dust
shell (dashed line), the O9.5–B0V star, HD 278942 (cross), and the position of
six features (A1, A2, A3, B, C and D) are indicated. The VSA synthesized beam
is shown in the bottom left-hand corner and the contours correspond to 10, 20,
30, 40, 50, 60, 70, 80 and 90 % of the peak flux which is 200 mJy/beam.
all six features.
The central feature, D, has a much lower S/N ratio (as shown in Fig 2.22)
and as such was not included in the initial analysis, but it will be discussed in
Section 4.9. Also, as was described in Section 2.3.1, and will be discussed in
Sections 3.2 and 3.3, the centre of the ring contains Hii gas and hence will be a
strong source of free-free emission.
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Table 2.4: Position, flux density, deconvolved angular size and position angle of
the six features observed with the VSA at 33 GHz.
Feature RA DEC Flux density Major axis Minor axis Position angle
(J2000) (J2000) (Jy) (arcmin) (arcmin) (deg)
A1 03:44:30 +32:11:27 0.53 ± 0.12 21.6 ± 4.4 4.4 ± 3.8 27.8 ± 7.9
A2 03:43:27 +32:00:17 1.39 ± 0.20 24.3 ± 3.1 12.0 ± 2.2 33.2 ± 8.3
A3 03:43:14 +31:46:25 0.37 ± 0.13 16.1 ± 5.8 9.8 ± 5.4 2.6 ± 36.9
B 03:40:41 +31:16:31 1.23 ± 0.21 20.5 ± 4.8 17.6 ± 4.8 30.1 ± 44.5
C 03:37:49 +31:27:57 0.86 ± 0.14 14.0 ± 3.1 13.5 ± 2.9 131.0 ± 35.1
D 03:40:49 +31:54:38 0.18 ± 0.10 16.0 ± 9.1 4.9 ± 5.7 20.0 ± 32.3
Chapter3
Multi-Frequency Observations of the
Perseus Region
As discussed previously in Section 2.3, the Perseus molecular complex is a region
of great interest, and therefore there are a wide variety of ancillary data available
that can be used to help improve the understanding of the region. In this Chapter,
I introduce and describe these multi-frequency data that, when combined with
the VSA data described in Chapter 2, will help with the interpretation of the
emission processes occurring within this region.
3.1 NVSS Observations
The NRAO VLA Sky Survey (NVSS) (Condon et al., 1998) was performed at
1.4 GHz with an angular resolution of ≈ 0.75 arcmin. The NVSS map of G159.6–
18.5 is displayed in Fig. 3.1.
With sub-arcmin angular resolution, the NVSS map is useful for identifying
110
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Figure 3.1: NVSS 1.4 GHz map of G159.6–18.5 overlaid with the VSA contours
and synthesized beam, as shown in Fig. 2.23. This shows the locations of extra-
galactic sources relative to G159.6–18.5.
compact radio sources. However, this survey was performed with a radio inter-
ferometer (the VLA) and achieving this high angular resolution results in all the
extended emission being filtered out due to a lack of short spacings. For this
reason, the NVSS map is not useful for constraining the low frequency diffuse
Galactic foregrounds, namely free-free emission and synchrotron emission.
3.2 GB6 Observations
The GB6 survey (Condon et al., 1989) was performed with a seven beam receiver
system on the National Radio Astronomy Observatory (NRAO) 91 m telescope
at Green Bank. Elevation scans of the sky were performed at 4.85 GHz with an
angular resolution of ≈ 3.5 arcmin. The GB6 map of G159.6–18.5 is displayed
in Fig. 3.2. This survey, in parallel with the NVSS, is useful for identifying com-
pact radio sources, including Hii features. The r.m.s. noise in the GB6 map
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Figure 3.2: GB6 4.85 GHz map of G159.6–18.5 overlaid with the VSA contours
and synthesized beam, as shown in Fig. 2.23. This, like Fig. 3.1, shows the
locations of extra-galactic sources relative to G159.6–18.5, and illustrates that,
with the exception of feature A1, there are no detectable sources coincident with
the five features observed with the VSA.
is ≈ 10 mJy/beam, and hence not all the sources in the NVSS map are detected.
With the exception of feature A1, all the features identified in the VSA map ap-
pear to be free from any source contamination. Extra-galactic source counts (e.g.
Waldram et al., 2003; Cleary et al., 2005) imply that the ≈ 30 GHz extra-galactic
source population cannot remotely account for the five observed features. Also,
the fact that the features we observe are extended, strongly rules out the possibil-
ity of significant extra-galactic source contamination. Weak, large-scale emission,
predominantly resolved out, can be seen within the central region in the GB6
image, however, this emission does not extend as far as the five features observed
with the VSA.
From Fig. 3.2, it is possible to identify three strong sources in the vicinity of
G159.6–18.5: 4C 31.14 to the south-east of the ring, 3C 92 within the ring and
the quasar, 4C 32.14, to the north-west of the ring. The quasar was discussed
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in Section 2.5.4, where it was subtracted from the VSA data, and the other
two sources, 4C 31.14 and 3C 92, are also extra-galactic, with spectral indices
of α ≈ −0.7 and −1.0, respectively. The source coincident with feature A1 is
also extra-galactic with a spectral index of α ≈ −1.15. The flux density of this
source at 4.85 GHz is 53 mJy and this corresponds to a flux density of 5.8 mJy
at 33 GHz, confirming that this source cannot account for the emission observed
in the VSA map.
This GB6 map is at an appropriate frequency where it can provide infor-
mation about the low frequency foregrounds, free-free emission and synchrotron
emission. However, since G159.6–18.5 is far from the Galactic plane (l = 159◦.6
and b = −18◦.5) and not in the vicinity of any known supernova remnants, the
synchrotron emission is expected to be negligible. Therefore, the GB6 map will
help quantify the free-free emission within the region, and this will be discussed
in Section 4.3.2.
3.3 Hα Observations
The Hα survey consists of a composite of the Virginia Tech Spectral line Survey
(VTSS) in the north and the Southern Hα Sky Survey Atlas (SHASSA) in the
south, with the Wisconsin Hα Mapper (WHAM) survey providing a stable zero-
level on one degree angular scales (Finkbeiner, 2003). The angular resolution
of the Hα survey is 6 arcmin, and the Hα map of G159.6–18.5 is displayed in
Fig. 3.3.
As previously described in Section 1.3, Hα emission originates from the same
warm ionised gas as the free-free emission, and hence can be used as a tracer (see
Section 4.3.1).
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Figure 3.3: Hα map of G159.6–18.5 overlaid with the VSA contours and syn-
thesized beam, as shown in Fig. 2.23. This illustrates that the Hα emission is
originating from within the dust shell, and hence that G159.6–18.5 is a dust shell
containing Hii gas.
From Fig. 3.3, it is possible to notice that all the Hα emission is originating
from within the central region of the dust shell, which agrees with the conclusions
drawn by Ridge et al. (2006b), implying that G159.6–18.5 is an expanding shell
containing Hii gas.
3.4 WMAP Observations
The 5-year WMAP W-band (94 GHz) data (Hinshaw et al., 2009) provide con-
straints on the Rayleigh-Jeans tail of the thermal vibrational dust distribution.
The WMAP W-band map of G159.6–18.5 is displayed in Fig. 3.4. This map
traces the large, cold (Tdust < 15 K) dust grains and shows that there is emission
on large angular scales in the central region of G159.6–18.5.
WMAP maps are measured in units of thermodynamic temperature. This was
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Figure 3.4: WMAP W-band 94 GHz map of G159.6–18.5 overlaid with the VSA
contours and synthesized beam, as shown in Fig. 2.23. This illustrates that there
is some large, cold dust grain emission within G159.6–18.5.
first converted to a brightness temperature using the Planck correction factor
Planckcorr =
(ex − 1)2
x2ex
(3.1)
where
x =
hν
kBTCMB
(3.2)
accounting for the fact that the higher frequencies are not being accurately pre-
dicted by the Rayleigh-Jeans law. Then I converted this brightness temperature
to an intensity using equation 2.16, assuming a WMAP beam with FWHM of
12.6 arcmin.
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3.5 IRAS/IRIS Observations
IRAS was launched in 1983, and the IRAS Sky Survey Atlas (ISSA) (Beichman
et al., 1988) provides coverage of the sky at four wavelengths covering the mid-
to far-IR, namely 12, 25, 60 and 100 µm. It was these IRAS observations, that
led to the need for a new population of small dust grains (i.e. VSGs) to explain
the excess emission at the shorter wavelengths, which could not be accounted for
by a single, large dust grain population (Puget and Leger, 1989).
These IRAS data have been reprocessed by Miville-Deschênes and Lagache
(2005) to produce the IRIS maps. These IRIS maps have more accurate zodiacal
light subtraction, improved destriping, calibration and zero-level determinations.
These improvements substantially enhance the quality and reliability of the data,
and as such, IRIS data have been used throughout this thesis ahead of the origi-
nal IRAS data. The four IRIS maps of G159.6–18.5 are displayed in Fig. 3.5.
Analysing the maps in Fig. 3.5 it is possible to determine that all four maps
appear highly spatially correlated, which implies that the three dust grain popu-
lations (BGs, VSGs and PAHs) are well mixed. It is also possible to notice that
the brighter features of the shell appear to correspond to the location of the five
features identified in the VSA map.
The central region of the dust shell is interesting as there appear to be two
distinct components, offset by ≈ 20 arcmin: one component to the east, which is
visible in all four IRIS bands, and another more central component that appears
to peak at ≈ 60 µm, but is not apparent at 12 µm. The location of the central
star, HD 278942, corresponds to this more central component, and therefore it
would appear that HD 278942 is acting as a heat source for the dust in this
component.
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Figure 3.5: IRIS maps of G159.6–18.5: Top left : 100 µm; Top right : 60 µm;
Bottom left : 25 µm; Bottom right : 12 µm. These maps highlight the dust shell,
and also illustrate how the emission is very strongly spatially correlated across all
four IRIS bands, implying that the three dust grain populations are very highly
mixed.
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These four IRIS maps, along with the WMAP map, provide constraints on
the thermal vibrational dust emission.
3.6 Resampling the Ancillary Data with the VSA
Sampling Distribution
The GB6 data, along with the WMAP and IRIS data, will be used to constrain
the free-free emission and the thermal vibrational dust emission in G159.6–18.5,
respectively. However, before this is possible, these ancillary data must be sam-
pled with the VSA sampling distribution. This accounts for the incomplete u,v
coverage of the VSA, and applies this to the ancillary data. This also matches
the angular resolution of the ancillary data to that of the VSA, ensuring the mea-
surements are consistent and allowing an accurate comparison to be performed
between all the data.
3.6.1 Aligning the Ancillary Data with the VSA Data
The first step in resampling the ancillary data with the VSA sampling distribution
is to align the ancillary data with the VSA data. This regridding was performed
using the AIPS task ohgeo, which interpolates the ancillary data to the geometry
of the VSA data.
3.6.2 Altering the Map Header of the Ancillary Data
The map headers of the ancillary data did not have the stokes parameters defined,
and this caused problems for the resampling task. However, this problem was
mitigated using the AIPS task axdefine, which allows the axes in the map
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headers to be defined or altered. This updated the ancillary data map header
with the keyword stokes = 1.
3.6.3 Deconvolution of the Ancillary Data
The next step in the resampling process involved deconvolution. All the ancillary
data maps of G159.6–18.5 have the beam of the observing instrument intrinsically
convolved with them. If these maps were to be used, without first deconvolving
this intrinsic beam, then the convolution with the VSA beam would result in a
final map that would be convolved with both the original instrumental beam and
the VSA beam. If the instrumental beam is much smaller than the VSA beam,
then this is not much of a problem, but it starts to become a problem when
the instrumental beam is comparable to the VSA beam. Table 3.1 demonstrates
this fact by displaying the effective beams for all the ancillary data without first
deconvolving the instrumental beam. The last column in Table 3.1 presents this
effect as a fractional increase over the standard VSA angular resolution, and it is
clear to see that this effect is important for both the GB6 and IRIS data.
The ancillary observations can therefore be represented by
I = T ∗ B (3.3)
where I is the observed image, T is the true image, B is the observing beam,
and ∗ denotes the convolution operator. To extract the true image, the beam
must be deconvolved from the observed image, and to do this the convolution
theorem was used.
Let F denote the Fourier transform operator, so F(f) and F(g) are the Fourier
transforms of f and g, respectively, then the convolution theorem states that
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Table 3.1: Values of the effective FWHM for the ancillary data without per-
forming any deconvolution. FWHMfinal computed assuming a FWHMV SA of
7 arcmin. The last column presents this effect as a fractional increase over the
standard VSA angular resolution, demonstrating the need to perform deconvolu-
tion before resampling with the VSA sampling distribution.
Survey Frequency/ FWHM FWHMfinal Fractional
Wavelength (arcmin) (arcmin) Increase
NVSS 1.4 GHz 0.75 7.04 1.01
GB6 4.85 GHz 3.50 7.83 1.12
IRIS 100 µm 4.30 8.22 1.17
IRIS 60 µm 4.00 8.06 1.15
IRIS 25 µm 3.80 7.96 1.14
IRIS 12 µm 3.80 7.96 1.14
F(f ∗ g) = F(f) · F(g) (3.4)
or
F(f · g) = F(f) ∗ F(g) (3.5)
where ∗ denotes the convolution operator, and · denotes the multiplication oper-
ator.
In other words, if
y = f ∗ g (3.6)
then
Y = F · G (3.7)
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where Y , F and G are the Fourier transforms of y, f and g, respectively.
Therefore, using the convolution theorem, equation 3.3 becomes
i = t · b (3.8)
where i, t and b are the Fourier transforms of I, T and B, respectively. Rear-
ranging equation 3.8 gives
t =
i
b
(3.9)
which is just the Fourier transform of the true image, and therefore the true image
is given by
T = F
[ F(I)
F(B)
]
(3.10)
where F represents the Fourier transform.
Therefore, the convolution theorem allows the ancillary data to be decon-
volved from the instrumental beam, before convolution with the VSA beam. This
task was performed using the Fast Fourier Transform routine in Interactive Data
Language (IDL).
3.6.4 Removing NAN values from the Ancillary Data
After performing the deconvolution, all the Not A Number (NAN) values were
replaced by zeros. This was a requirement of the resampling task, and was per-
formed using the AIPS task remag. This allows the user to replace all NAN
values with a specified value.
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Table 3.2: List of rescale factors to convert the ancillary data from their original
units into units of Jy/pixel.
Survey Frequency/ Units FWHM Beam Area Pixel Size Pixels per Rescale
Wavelength (arcmin) (arcsec2) (arcsec2) Beam Factor
NVSS 1.4 GHz Jy/beam 0.75 2288.25 256 8.94 0.112
GB6 4.85 GHz Jy/beam 3.5 49833 256 194.66 5.137×10−3
IRIS 100 µm MJy/sr 4.3 75217.32 256 293.82 6.017×10−3
IRIS 60 µm MJy/sr 4.0 65088 256 254.25 6.017×10−3
IRIS 25 µm MJy/sr 3.8 58741.92 256 229.46 6.017×10−3
IRIS 12 µm MJy/sr 3.8 58741.92 256 229.46 6.017×10−3
3.6.5 Rescaling the Ancillary Data
The ancillary maps must be in units of Jy/pixel for the resampling task to ac-
curately conserve the flux, and therefore the ancillary maps were rescaled using
the AIPS task rescale. This rescales the entire map by a user defined value,
which was selected to convert the original units into units of Jy/pixel. The values
used for this rescaling are listed in Table 3.2.
3.6.6 Resampling the Ancillary Data
The final step is to resample the ancillary data and this was performed using
the AIPS task uvsub. This task replaces the VSA visibility data with the ap-
propriate visibility data of the ancillary data, accounting for the fact that the
u,v plane is not completely sampled. This task was performed individually for
each of the eleven pointings, resulting in eleven u,v visibility data files. These
visibility files were then processed using the same techniques used for the VSA
visibility data (as explained in Chapter 2) to create the final resampled map. The
resampled GB6 map is displayed in Fig. 3.6 and the resampled IRIS maps are
displayed in Fig. 3.7. It is possible to identify a strong spatial correlation between
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Figure 3.6: GB6 map of G159.6–18.5 reprocessed with the VSA sampling dis-
tribution overlaid with the VSA contours and synthesized beam, as shown in
Fig. 2.23.
the microwave emission and IR emission from Fig. 3.7, and this will be discussed
further in Section 4.1.
3.7 Visual Extinction Observations
Visual extinction, AV , is the absorption in magnitudes in the visual band at
550 nm. There are three standard methods to determine the hydrogen column
density, N(H), and hence the AV , in molecular clouds:
(i) extinction mapping, via star counting or colour excess measurements
(ii) dust emission mapping
(iii) mapping integrated intensity of molecular line emission
Each of these methods have their own advantages and disadvantages. Ex-
tinction mapping relies on a reasonable spatial distribution of background stars,
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Figure 3.7: IRIS maps of G159.6–18.5 reprocessed with the VSA sampling dis-
tribution overlaid with the VSA contours and synthesized beam, as shown in
Fig. 2.23: Top left : 100 µm; Top right : 60 µm; Bottom left : 25 µm; Bottom
right : 12 µm. These plots highlight the strong spatial correlation between the
microwave and the IR emission.
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which becomes more difficult when you start to move away from the Galactic
plane, however if you have such a distribution of background stars, this method
is believed to be highly accurate. Dust emission mapping depends strongly on
the temperature of the dust along the line of sight, which is not always accu-
rately known, but by comparing Figs. 3.4 and 3.8, it is possible to determine that
in Perseus, the larger, cold dust grains appear to be causing the visual extinc-
tion. Mapping the integrated intensity of molecular lines relies on selecting the
appropriate molecular species, as different species probe different densities.
As part of the COMPLETE survey, Ridge et al. (2006a) applied the Near-
Infrared Color Excess Method Revisited (NICER) technique (Lombardi and Alves,
2001) to the Two Micron All Sky Survey (2MASS) point source catalogue to
compute K-band (2.2 µm) extinctions of the Perseus molecular cloud. They then
converted these K-band extinctions to visual extinctions using the relation
AK = 0.112 AV (3.11)
taken from Rieke and Lebofsky (1985). This resulted in a 9 degrees × 12 degrees
AV map at 5 arcmin angular resolution, part of which is shown in Fig. 3.8. The
uncertainties in this AV map are correlated with the extinction values because
the more stars per pixels, the more accurate the calculation of the extinction,
however, the median uncertainty in the map is 0.2 mag. The NICER method
is not only more accurate than previous optical star counts with uncertainties
of ≈ 0.5 mag, but it is also more reliable at larger AV values (≥ 10 mag as
opposed to ≈ 5 mag for optical star counts), which is important for Perseus
which has AV ≤ 10 mag.
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Figure 3.8: 2MASS/NICER AV map of G159.6–18.5 overlaid with the VSA con-
tours and synthesized beam, as shown in Fig. 2.23. By combining this map with
the WMAP map shown in Fig. 3.4, it is possible to identify that the bulk of
the visual extinction appears to be caused by the large, cold dust grains. This,
therefore, displays how the visual extinction does not appear to be associated
with the emission found in the VSA map.
CHAPTER 3. MULTI-FREQUENCY OBSERVATIONS OF PERSEUS 127
This NICER method computes the total AV along the line of sight between us
and the background stars, and it is therefore difficult to determine what fraction of
the extinction is occurring specifically within the source. To gain further insight
into these limitations I decided to look at method (iii), using line emission to
compute the AV . This analysis is described in Sections 3.8 and 3.9.
3.8 Neutral Hydrogen Observations
The Hi observations were performed using the NRAO Green Bank Telescope
(GBT) as part of the COMPLETE survey (Ridge et al., 2006a), resulting in a Hi
data cube. An area of 20 sq. degrees was observed with an angular resolution of
7 arcmin and a spectral resolution of 0.32 km/s.
Fig. 3.9 displays this data cube, stepping through in slices of ≈ 5 km/s. These
plots help to identify the range of velocities over which the bulk of the emission is
occurring, and Fig. 3.10 displays only the range of velocities containing emission.
3.8.1 Computing AV from Hi
Having identified the velocity range of interest, the Hi data cube was first con-
verted to an integrated column density, N(Hi), using
N(Hi)
cm−2
= −1.8224× 1018
(
Ts
K
) ∫ ∞
−∞
ln
[
1− Tb(ν)
Ts
]
d
(
ν
km s−1
)
(3.12)
where Ts, the spin temperature, is an excitation temperature that describes the
relative population of the levels, and Tb is the brightness temperature. A value
of Ts = 135 K was used throughout this analysis.
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Figure 3.9: The complete Hi data cube viewed in slices of ≈ 5 km/s.
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Figure 3.10: Selected velocity range of the Hi data cube viewed in slices of
≈ 2 km/s.
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Figure 3.11: N(Hi) map of G159.6–18.5 overlaid with the VSA contours and
synthesized beam, as shown in Fig. 2.23.
Fig. 3.11 displays the resulting N(Hi) map of G159.6–18.5, and this N(Hi)
map was subsequently converted to a visual extinction map using the relation
AV =
N(Hi)
1.37× 1021 (3.13)
taken from Evans et al. (2009). This relation is different from the usual value
of 1.87×1021 cm−2 mag−1 established for the diffuse ISM (Bohlin et al., 1978).
The reason for this difference is due to the value for the ratio of total to selective
extinction, RV , that is chosen. RV (defined in equation 3.15) is known to have
a value of 3.1 averaged throughout the Milky Way, but it is also known that
RV can have values up to ≈ 6 in dense molecular clouds (see e.g. Draine, 2003).
Equation 3.13 assumes a value of RV = 5.5, which is more appropriate for the
Perseus molecular cloud.
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3.9 CO Observations
H2 is the most abundant molecule in the ISM, however it is very difficult to observe
directly. Being a homonuclear species, H2 has no electric dipole moment and the
lowest rotational transition requires temperatures and densities much larger than
those typically found in molecular clouds. A tracer is therefore required to find
the H2, and this tracer must exist in the same conditions in which we expect to
find H2. The second must abundant molecule in the ISM is CO and this has
been considered the best tracer for H2. By observing the CO J=1–0 rotational
transition, and making the assumption of local thermodynamic equilibrium, it is
then possible to compute to the column density of H2, N(H2), using the standard
relation
X ≡ N(H2)
W (12CO)
(3.14)
where W(12CO) is the integrated intensity of the molecular line. Typical values
of this so-called X factor are ≈ 2 – 3×1020 cm−2 K−1 km−1 s (e.g. Bloemen et al.,
1986; Strong and Mattox, 1996).
As part of the COMPLETE survey, 12CO(1–0) and 13CO(1–0) molecular line
observations have been performed (Ridge et al., 2006a). Both of these lines were
observed simultaneously using the Five College Radio Astronomy Observatory
(FCRAO) telescope covering an area of ≈ 6.25 degrees × 3 degrees, with an
angular resolution of 46 arcsec. Flux calibration uncertainties are 15 % (Pineda
et al., 2008), and no correction for optical depth was applied to these data.
3.9.1 Computing AV from H2
Using the definition of the ratio of total to selective extinction, RV ,
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Figure 3.12: Integrated 12CO map of G159.6–18.5 overlaid with the VSA contours
and synthesized beam, as shown in Fig. 2.23.
RV =
AV
E(B − V ) (3.15)
where AV is the visual extinction and E(B − V ) is the dust reddening, and
combing it with
N(H)
E(B − V ) = 5.8× 10
21 cm−2 mag−1 (3.16)
taken from Bohlin et al. (1978), results in
N(H)
AV
=
5.8× 1021
RV
(3.17)
where N(H) is the column density of hydrogen. Assuming that all the hydrogen
is in molecular form, then
N(H) = 2N(H2) (3.18)
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and therefore
N(H2)
AV
=
2.9× 1021
RV
. (3.19)
Combining equation 3.14 and equation 3.19, gives
AV =
X W (12CO) RV
2.9× 1021 (3.20)
As explained in Section 3.8.1, RV has a value of 3.1 averaged throughout the
Milky Way, but I have chosen a value of RV = 5.5 (Evans et al., 2009), which
is more typical for molecular clouds. Using this value of RV , and an X value of
2×1020 cm−2 K−1 km−1 s results in
AV ' 0.4 W (12CO). (3.21)
Equation 3.21 was used to produce the corresponding visual extinction map.
3.10 Comparison of AV maps
This analysis resulted in visual extinction maps created using:
• the NICER technique, AV [NICER/2MASS] (see Fig. 3.8)
• Hi observations, AV [N(Hi)] (see Equation 3.13 and Fig. 3.11)
• H2 observations, AV [N(H2)] (see Equation 3.21 and Fig. 3.12)
All three of these maps have different angular resolutions, and therefore to
perform an analysis, they all need to be convolved to a common scale. Since the
Hi observations had the lowest angular resolution of 7 arcmin, this was chosen as
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the value to which the other two maps were convolved. However, this convolution
was performed using an effective FWHM rather than the actual FWHM.
The result of convolving two Gaussians is another Gaussian, where the re-
sulting variance is equal to the sum of the two initial variances. Therefore, the
resulting FWHM is given by
FWHM2A∗B = FWHM
2
1 + FWHM
2
2 (3.22)
and the effective FWHM is defined as
FWHM2eff = FWHM
2
A∗B − FWHM22 (3.23)
This effective FWHM was calculated for both AV [NICER/2MASS] and AV
[N(H2)], and was used to convolve the maps to the required 7 arcmin angular
resolution. This mitigates the effect of the intrinsic resolution of the image being
convolved and also ensures that all the convolved maps are at the same angular
resolution. By combining the maps created using the Hi and 12CO observations,
I created a map of the column density of hydrogen, N(H), and a visual extinction
map, both with a value of RV = 5.5. This new N(H) map is displayed in Fig. 3.13.
Table 3.3 lists the minimum, maximum, mean and standard deviation for each
of the four AV maps: AV [NICER/2MASS] is the map created using the NICER
method; AV [N(Hi)] is the map created using Hi data; AV [N(H2)] is the map
created using 12CO data; and AV [N(H)] is the map created by combining the
N(Hi) and N(H2) maps.
This table provides a brief method of comparison, where it is possible to see
that the AV map created using the neutral hydrogen, AV [N(Hi)], does not provide
an accurate estimate of the extinction. AV [N(Hi)] substantially underestimates
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Figure 3.13: N(H) map of G159.6–18.5 overlaid with the VSA contours and syn-
thesized beam, as shown in Fig. 2.23. This N(H) map was created by combining
the column density created from Hi and H2 observations.
the value of the extinction, however, this can be explained because this is a
molecular cloud and hence most of the hydrogen will be in molecular form. This
also confirms the fact that the AV [N(H2)] is a much more accurate tracer of the
extinction, as we would expect for a molecular cloud.
To help visualise the results displayed in Table 3.3, I produced plots of the
AV maps (see Fig. 3.14), where it is even clearer that N(Hi) is not an accurate
Table 3.3: Statistical values for each of the visual extinction maps created using
different methods.
Visual Extinction
[NICER/2MASS] [N(Hi)] [N(H2)] [N(H)]
(mag) (mag) (mag) (mag)
Minimum 0.5 0.9 0.1 1.2
Maximum 9.3 1.5 9.9 11.0
Mean 3.6 1.2 3.4 4.6
Std Dev 1.6 0.1 2.3 2.3
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Figure 3.14: Scatter plots of the AV maps created using N(Hi) (Left) and N(H)
(Right) plotted against the NICER/2MASS extinction map. The line y = x is
overplotted (dot-dot-dot-dashed line). These plots show that N(Hi) substantially
underestimates the extinction, which can be explained because most of the hydro-
gen is in molecular form. The N(H) exhibits multiple components and a sizeable
scatter, but the general overall trend is similar.
tracer for visual extinction, but that AV [N(H)] is much better. The two methods
are not identical and hence there are some discrepancies, however these plots
show that the new N(H) map created from Hi and H2 (via 12CO) observations,
with an RV value of 5.5, is generally consistent with the NICER extinction map.
This consistency implies that both methods of computing the visual extinction
produce similar results.
Chapter4
Interpretation of the VSA Data and the
Ancillary Data for Perseus
This Chapter contains the interpretation of the data processed in the proceeding
two Chapters. The VSA data described in Chapter 2 are combined with the
ancillary data discussed in Chapter 3, and the interpretation of the results are
discussed.
4.1 Correlation between the VSA Data and the
IRIS Data
The first data analysis task to be performed was to look at the correlation be-
tween the microwave emission and the IR emission. As discussed in Chapter 1,
the discovery of the anomalous microwave emission was noted for the significant
spatial correlation between the radio and IR observations.
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Combining the VSA data with the IRIS data allowed the microwave-IR cor-
relation in the Perseus region to be investigated. The IRIS data had been re-
processed with the VSA sampling distribution, as described in Chapter 3 and
displayed in Fig. 3.7, to ensure an accurate comparison.
A visual inspection of the maps displayed in Fig. 3.7 clearly illustrates that
there exists a strong microwave-IR correlation in G159.6–18.5: all five emission
features observed in the VSA map (A1, A2, A3, B and C) appear spatially cor-
related with emission features in the IRIS maps. To quantify this correlation, a
Pearson correlation analysis was performed in the image plane, within apertures
centred on each of the five features. These apertures were chosen to incorporate
the entire feature including some background emission. As stated previously, the
negative fluxes in the maps are due to the incomplete u,v coverage of the VSA,
and since the IRIS maps have been resampled with the VSA sampling distribu-
tion, these negative fluxes were included in the correlation analysis.
The corresponding correlation plots are shown in Figs. 4.1, 4.2, 4.3, 4.4 and 4.5.
These plots display the correlation between the 33 GHz data and the IR data for
feature A1, A2, A3, B and C, respectively. There are four plots for each feature,
one for each of the four IRIS wavebands, and the Pearson correlation coefficient
is also displayed on each plot.
These plots confirm the existence of a strong overall correlation between the
microwave emission and the IR emission. For features A1 and A2, there are a few
erroneous data points (see Figs. 4.1 and 4.2) due to the extent of IC 348 in the IRIS
maps, compared with the VSA map. Quantitatively, the degree of correlation is
remarkably high, with a mean Pearson correlation coefficient of 0.79 ± 0.03 over
all five features and all four wavebands. However, this correlation does not appear
to occur throughout the entire region as a mean Pearson correlation coefficient
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Figure 4.1: Correlation plots between the VSA 33 GHz emission and the IRIS
100 µm emission (Top left), the IRIS 60 µm emission (Top right), the IRIS 25 µm
emission (Bottom left) and the IRIS 12 µm emission (Bottom right) for feature
A1. The Pearson correlation coefficient is displayed on each plot.
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Figure 4.2: Correlation plots between the VSA 33 GHz emission and the IRIS
100 µm emission (Top left), the IRIS 60 µm emission (Top right), the IRIS 25 µm
emission (Bottom left) and the IRIS 12 µm emission (Bottom right) for feature
A2. The Pearson correlation coefficient is displayed on each plot.
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Figure 4.3: Correlation plots between the VSA 33 GHz emission and the IRIS
100 µm emission (Top left), the IRIS 60 µm emission (Top right), the IRIS 25 µm
emission (Bottom left) and the IRIS 12 µm emission (Bottom right) for feature
A3. The Pearson correlation coefficient is displayed on each plot.
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Figure 4.4: Correlation plots between the VSA 33 GHz emission and the IRIS
100 µm emission (Top left), the IRIS 60 µm emission (Top right), the IRIS 25 µm
emission (Bottom left) and the IRIS 12 µm emission (Bottom right) for feature
B. The Pearson correlation coefficient is displayed on each plot.
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Figure 4.5: Correlation plots between the VSA 33 GHz emission and the IRIS
100 µm emission (Top left), the IRIS 60 µm emission (Top right), the IRIS 25 µm
emission (Bottom left) and the IRIS 12 µm emission (Bottom right) for feature
C. The Pearson correlation coefficient is displayed on each plot.
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Table 4.1: Mean Pearson correlation coefficients between the VSA 33 GHz data
and the four IRIS wavebands, highlighting the significant microwave-IR correla-
tion.
Correlation Coefficient
IRIS 100 µm 0.79 ± 0.06
IRIS 60 µm 0.78 ± 0.06
IRIS 25 µm 0.80 ± 0.05
IRIS 12 µm 0.78 ± 0.06
of 0.19 ± 0.03 was found in an aperture well away from any of the features.
These results imply that the microwave-IR correlation is concentrated in the five
features observed with the VSA. The errors on the Pearson correlation coefficients
were computed using the Fisher transformation (Fisher, 1915), and calculating
the 68 % confidence interval.
To investigate this microwave-IR correlation in more detail, I calculated the
mean Pearson correlation coefficient values across all five features, for each of the
four IRIS wavebands. The results are listed in Table 4.1, and this shows that the
level of correlation is roughly constant across all four wavebands. This confirms,
as previously speculated in Section 3.5, that all three dust grain populations are
very well mixed on these angular scales, making it difficult to determine which
dust grain population, if any, correlates most strongly.
4.2 Contribution of the Cosmic Microwave Back-
ground in Perseus
The VSA was initially proposed as a CMB experiment, and this must be remem-
bered, even when performing Galactic science observations. CMB anisotropies
can contribute to the flux observed with the VSA, and this therefore needs to
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Figure 4.6: CMB realisation map with the VSA u,v sampling distribution applied,
illustrating that the contribution of the CMB anisotropies on these angular scales
can be neglected.
be quantified. To perform this, the VSA u,v sampling distribution was applied
to a CMB realisation map (based on a WMAP 5-year cosmology), in a similar
manner to that described in Section 3.6. Fig. 4.6 displays the CMB realisation
map resampled with the VSA sampling distribution. The r.m.s. noise in this
map was then computed and it was found that the r.m.s. noise of the CMB
anisotropies on the angular scales observed with the super-extended VSA array
contributed ∼ 5 mJy/beam. This contribution is much smaller than that ob-
served in the five features in the VSA map, and hence the features are not a
result of the CMB anisotropies and therefore they can be neglected.
4.3 Contribution of Free-free Emission in Perseus
The contribution of free-free emission in the VSA map at 33 GHz must be com-
puted in order to allow an accurate analysis of the emission processes to be
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performed. Without a constraint on the level of free-free emission, it would be
impossible to determine whether there is an excess of emission present at 33 GHz.
The contribution of free-free emission in the VSA map at 33 GHz was com-
puted via two methods: the first method involved using the Hα observations that
were detailed in Section 3.3, while the second method involved using the GB6
observations that were discussed in Section 3.2.
4.3.1 Hα Emission
Hα emission is an excellent tracer for the warm ionised gas in the ISM, and
hence it is also an excellent tracer of free-free emission. The problem of using Hα
emission as a tracer is that the wavelength of the emission is 6562.8 Å, which is
in the visible portion of the electromagnetic spectrum, and hence is susceptible
to visual extinction. However, if you have a visual extinction map of the region,
then this can be applied to the Hα map to account for the extinction. This is the
case for Perseus, where we have both the Hα map and the AV map.
The first step in this analysis was to compute the r.m.s. value for the Hα and
AV maps at the location of the five features identified in the VSA map. This
analysis was performed on the original maps, without resampling with the VSA
sampling distribution. As I mentioned previously, the extinction map can be
applied to the Hα map to correct for the extinction. However, the AV map is
a visible extinction map, and must be converted to a Hα extinction map. This
correction was applied using the following relationship, taken from Dickinson
et al. (2003):
AHα = 0.81AV (4.1)
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Assuming that all the extinguishing dust is located between us and Perseus,
the extinction corrected Hα emission can be computed using
m0 −m1 = −2.5log
(
F0
F1
)
(4.2)
where m0 is the original magnitude, m1 is the observed magnitude, F0 is the
dust-corrected intensity and F1 is the observed intensity.
The second step is to then assume that all the emission observed with the VSA
at 33 GHz is due to free-free emission, and compute the corresponding Hα emis-
sion. This can then be compared to the extinction corrected Hα emission, F0,
calculated using equation 4.2.
Taking the flux in each of the five features observed with the VSA, and using
the relationship between the free-free emission and the Hα emission from Dick-
inson et al. (2003), which assumes a value of Te ∼ 7000 K, we find that the
corresponding Hα emission is on average a factor of ∼ 4 times greater than the
extinction corrected Hα emission. This mean value is computed from the factors
for the individual features which are 1.2, 0.8, 0.4, 7.7 and 8.1 for features A1, A2,
A3, B and C, respectively. This result implies that all of the flux observed with
the VSA cannot be attributed to free-free emission as it would produce an excess
of Hα emission.
This result is conservative as it is based on the worst case scenario, assuming
that all the dust extinction is caused by dust situated between us and Perseus.
Therefore, on average, the free-free emission contributes less than ∼ 25 % of the
emission at 33 GHz. To obtain a more accurate and reliable constraint on the
contribution of free-free emission at 33 GHz, I used the GB6 data.
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Table 4.2: Upper limits to the free-free emission in the five dust-correlated fea-
tures. A 4.85 GHz 3σ flux density upper limit based on the GB6 image. This flux
density is scaled to 33 GHz using a nominal free-free spectral index of α = −0.12.
The last column represents the upper limits of free-free emission observed with
the VSA at 33 GHz.
Feature GB6 GB6 Filtered VSA % due to
S4.85 GHz S33 GHz S33 GHz free-free
(mJy) (mJy) (mJy) (3σ)
A1 < 68.3 < 54.3 178 ± 52 < 31
A2 < 38.8 < 30.8 155 ± 41 < 20
A3 < 32.9 < 26.2 167 ± 56 < 16
B < 41.0 < 32.6 354 ± 69 < 9
C < 43.1 < 34.2 95 ± 38 < 36
4.3.2 GB6 Observations
As discussed in Section 2.2.2, the VSA is an interferometer and hence the finite
range of baselines imposes a restriction on both the smallest and largest angular
scales that can be observed. From Fig. 2.19, it is possible to see that the VSA,
in the super-extended array configuration, has a u,v coverage of ≈ 80 – 400 λ.
Consequently, the super-extended VSA is restricted to observing structures on
angular scales of ≈ 10 – 40 arcmin. Therefore, to determine the level of free-free
emission in the VSA map, low frequency data with a similar angular resolution
are required, namely, observations with an equivalent range of u,v coverage.
The NVSS data have had all the large-scale structure filtered out due to the
lack of short baselines, leaving the GB6 data. The original GB6 observations have
been filtered to remove all structure on scales larger than ≈ 20 arcmin (Condon
et al., 1989) and hence cannot be used directly to assess the levels of free-free
emission in the VSA image. To render the GB6 image usable, I had to first filter
the VSA image so as to harmonise the u,v ranges. This involved removing all the
short (≤ 172 λ) VSA baselines.
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The VSA sampling distribution was then applied to the GB6 image (as de-
scribed in Section 3.6), creating a newly resampled GB6 image, which allowed
the contribution of free-free emission to be determined on these angular scales.
The flux density of the five features in the filtered VSA image was calculated
using the AIPS task jmfit to apply both an unconstrained elliptical Gaussian
component and baseline offset. These flux densities are listed in Table 4.2.
As discussed in Section 3.2, all the features in the VSA image, with the ex-
ception of feature A1, appear to show little or no detectable emission in the GB6
image. Therefore, using the results of jmfit on the filtered VSA image, along
with the r.m.s. noise in the same region of the resampled GB6 image, a 3σ upper
limit for the integrated flux density at 4.85 GHz, in each feature, was determined.
For feature A1, the flux density of the extra-galactic source was subtracted at both
4.85 and 33 GHz. These values are conservative upper limits since we are dealing
with integrated fluxes rather than with peak surface brightnesses.
Table 4.2 lists the integrated flux density for the five features at 4.85 GHz and
33 GHz.1 The 3σ flux density upper limit at 4.85 GHz has been scaled to 33 GHz,
using a nominal free-free spectral index of α = −0.12 (Dickinson et al., 2003).
A direct comparison between the emission found in the GB6 and VSA images
is given as a percentage in the last column in Table 4.2. This suggests that the
contribution of free-free emission at 33 GHz is far from dominant. Assuming that
this ratio of the 4.85 GHz to the 33 GHz emission is independent of angular scale,
an estimate for the contribution of free-free emission at 33 GHz on the angular
scales of the unfiltered VSA image was computed (see Table 4.3).
The results of the GB6 data shown in Table 4.2 are in agreement with the
1The values for feature A1 are the values computed after subtracting the flux density of the
extra-galactic source in this feature.
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result determined using the Hα observations i.e. the contribution of the free-free
emission at 33 GHz is ∼ 25 %.
4.4 Contribution of Vibrational Dust Emission in
Perseus
As for the free-free emission discussed in Section 4.3, the contribution of the
thermal vibrational dust emission must be computed to allow an accurate mea-
surement of any excess emission present at 33 GHz.
The contribution of the thermal dust emission can be constrained in the sub-
millimetre regime using the WMAP W-band data (Section 4.4.1), and also in the
mid- to far-IR regime using the IRIS data (Section 4.4.2).
4.4.1 WMAP W-band Observations
The 5-year WMAP W-band map was used to constrain the Rayleigh-Jeans tail
of the thermal dust emission. As discussed in Section 3.4, most of the emis-
sion at 94 GHz occurs within the central region of G159.6–18.5, and extends to
IC 348 (see Fig. 3.4).
Since the angular resolution of the WMAP map was lower than that of
the VSA, I smoothed the VSA map to match the 12.6 arcmin angular resolu-
tion of the WMAP map. Then, using the AIPS task jmfit, all five features in
this smoothed VSA map were fitted with an unconstrained elliptical Gaussian
component and baseline offset. The resulting size and position of these Gaussian
fits were then fixed, and fitted for in the WMAP map, allowing the the flux den-
sity at 94 GHz to be calculated. These flux densities are tabulated in Table 4.3.
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A 5 % calibration uncertainty was assumed for the WMAP W-band data, and
combining this with the error from the fitting procedure, the errors on the flux
densities were computed.
4.4.2 IRIS Observations
Using the IRIS maps resampled with the VSA sampling distribution, it was pos-
sible to determine the flux density in each of the five features in the VSA map
in the mid- to far-IR. Again, the AIPS task jmfit was used to fit for a Gaus-
sian component and a baseline offset. However, the Gaussian component was
constrained using the size and position of the Gaussian components of the fea-
tures in the VSA map. This ensured that the flux density computed is consistent
across all wavelengths. The final flux densities in the four IRIS bands are listed
in Table 4.3. Combining the error from the fitting routine, and the assumed 10 %
calibration uncertainty in quadrature, the flux density errors were computed.
4.5 Spectral Energy Distributions
The flux densities for all five features at 4.85 GHz, 33 GHz, 94 GHz, 100 µm,
60 µm, 25 µm and 12 µm are listed in Table 4.3, computed using the VSA data
and the ancillary data discussed in Chapter 3. Using these flux densities, an SED
was produced for each of the five dust-correlated features in the VSA map and
these are displayed in Fig. 4.7.
At frequencies below ≈ 1 GHz, free-free emission can become optically thick
(τ  1) with a spectral index of α ≈ +2, but at higher frequencies, the free-free
emission is optically thin (τ  1) and follows the standard power-law with spec-
tral index α = −0.12. Therefore, I plotted this standard power-law, normalised
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to the 3σ upper limit at 4.85 GHz, on each of the SED plots.
To model the thermal vibrational dust emission, I used a modified black-
body curve function, νβdustB(ν,Tdust), where βdust is the dust emissivity index
and B(ν,Tdust) is the black-body function for a dust temperature, Tdust. A single
temperature dust component, modelled by this modified black-body curve, was
fitted to the 94 GHz, 100 µm and 60 µm data points for each feature individually.
The best-fitting values for both βdust and Tdust are displayed on the plots in
Fig. 4.7.
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Table 4.4: Fraction of excess emission at 33 GHz over the continuum free-free
emission and the thermal vibrational dust emission. The results produced from
including and excluding the IRIS 60 µm data point in the modified black-body
curve fit are shown. Excluding the 60 µm data point from the modified black-
body fit has little affect on the excess emission at 33 GHz.
Feature Including 60 µm Excluding 60 µm
f33 GHz Significance f33 GHz Significance
A1 > 0.69 > 3.0σ > 0.67 > 2.9σ
A2 > 0.79 > 5.6σ > 0.77 > 5.4σ
A3 > 0.82 > 2.5σ > 0.82 > 2.5σ
B > 0.90 > 5.2σ > 0.89 > 5.1σ
C > 0.62 > 3.8σ > 0.60 > 3.7σ
Also plotted in Fig. 4.7 are the 25 and 12 µm data points. These were not
fitted by the single temperature modified black-body curve because, as explained
in Section 1.2.2, the emission at these wavelengths is due to the transient heating
of the smaller dust grains (VSGs and PAHs), and hence these are not in thermal
equilibrium.
In each plot in Fig. 4.7, it is possible to identify an excess of emission present at
33 GHz that cannot be accounted for by either free-free or thermal dust emission.
The fraction of excess emission, f33 GHz, is also displayed on each of the plots,
alongside the significance of the result (see also Table 4.4). This confirms the
existence of a significant excess of emission in all five dust-correlated features.
For features A1, A2, A3 and B, the 94 GHz data point provides a constraint on
the shape of the thermal dust curve, providing the best-fitting values for the dust
temperature, Tdust, and the dust emissivity index, βdust (see plots in Fig. 4.7).
However, for feature C, the 94 GHz data point is an upper limit and hence does
not provide a reliable constraint on the thermal dust curve. Therefore, for this
feature, I used a fixed value of βdust = 1.5. This is a typical value of βdust (Dupac
et al., 2003), and to ensure that selecting this value was reasonable, I investigated
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Figure 4.7: Integrated flux density spectra for the five dust-correlated features
in the VSA map. A power-law with spectral index α = −0.12 is plotted to
represent the free-free emission upper limit (dotted line) and a modified black-
body curve, fitted to the 94 GHz, 100 µm and 60 µm data points, is plotted to
represent the thermal dust emission (dashed line). The best fitting values for
Tdust and βdust are displayed on each of the plots. For feature C, the 94 GHz
data point was only an upper limit, and therefore the modified black-body curve
is fitted with a fixed dust emissivity value of βdust = 1.5. The VSA 33 GHz data
point is not accounted for by either of these curves and is fitted by a Draine
and Lazarian (1998a,b) spinning dust model (0.5CNM + 0.5MC). The fraction
of excess emission at 33 GHz, f33 GHz, is also displayed on each plot, along with
the significance of the result.
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using a value of βdust = 1.1 (towards the lowest measured value for βdust; Dupac
et al., 2003) and found that this only reduced the fraction of excess emission at
33 GHz from 62 to 48 %.
I also investigated modelling the thermal dust emission using the same single
temperature dust component, but fitting only to the 94 GHz and 100 µm data
points, and fixing the dust emissivity index, βdust = 1.7. The reason for this is
that including the 60 µm data point in the single temperature fit assumes that all
the emission at 60 µm is in thermal equilibrium i.e. that all the emission is due
to BGs, and this may not be the case. These new plots are displayed in Fig. 4.8,
and it is possible to see that this new fit has little or no effect on the fraction of
excess emission and its significance (see also Table 4.4).
The plots in Figs. 4.7 and 4.8 confirm that there is an excess of emission
observed with the VSA at 33 GHz that cannot be explained by either free-free or
thermal dust emission at a level of 2.5 – 5.6σ. Therefore to fit the 33 GHz data
point, a peaked spectrum is required.
4.6 Ultra-Compact Hii Regions
Ultra-Compact Hii (UCHII) regions are, as the name suggests, very dense com-
pact Hii regions, usually signifying massive star formation. As a result of being
so compact, these Hii regions become optically thick at low radio frequencies,
producing a turnover in the spectrum. This turnover however, occurs at much
higher frequencies (> 1 GHz) than that of regular optically thick Hii regions (typ-
ically < 1 GHz), and could therefore be responsible for producing the peaked
spectrum usually associated with spinning dust. In fact, McCullough and Chen
(2002) proposed that the anomalous emission found by Finkbeiner et al. (2002),
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Figure 4.8: Integrated flux density spectra for the five dust-correlated features in
the VSA map. A power-law with spectral index α = −0.12 is plotted to represent
the free-free emission upper limit (dotted line) and a modified black-body curve,
fitted to the 94 GHz and 100 µm is plotted with a fixed dust emissivity value
of βdust = 1.7 to represent the thermal dust emission (dashed line). The best
fitting values for Tdust are displayed on each of the plots. The VSA 33 GHz data
point is not accounted for by either of these curves and is fitted by a Draine
and Lazarian (1998a,b) spinning dust model (0.5CNM + 0.5MC). The fraction
of excess emission at 33 GHz, f33 GHz, is also displayed on each plot, along with
the significance of the result.
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in LPH 201.663+1.643, could in fact be due to emission from an UCHII region.
With this in mind, it is therefore crucial to investigate the excess emission
detected by the VSA at 33 GHz, and to test if it too could be produced by
emission from an UCHII region. The first step in investigating this UCHII region
hypothesis involved performing a similar analysis to that performed by Wood and
Churchwell (1989a), who identified UCHII regions based on their IR colours. By
performing a detailed search of the IRAS point source catalogue (Beichman et al.,
1988), possible candidates for UCHII regions were identified using the selection
criteria of Wood and Churchwell (1989a).
Fig. 4.9 displays colour plots for all the IRAS sources within a radius of 0.5,
1.0, 1.5 and 2.0 degrees from the centre of the VSA map. These plots show, that
within a 2.0 degree radius of the centre of our VSA map, there are only four
possible UCHII region candidates (i.e. ≈ 2 % of the sources).
The results plotted in Fig. 4.9 imply that the excess emission found in the
VSA map is unlikely to be due to UCHII regions. However, to completely rule
out UCHII regions as a possible explanation for the excess emission at 33 GHz, I
decided to model the emission using a similar approach to McCullough and Chen
(2002). The optical depth for free-free emission is given by
τff = 2.6
(
Te
104 K
)−1.35 ( EM
109 cm−6pc
)(
ν
10 GHz
)−2.1
(4.3)
where Te is the electron temperature, EM is the emission measure, and ν is the
frequency.
The apparent microwave surface brightness of a uniform disk of radius, θs, is
Iν = Bν(Te)(1− e−τff )piθsΩ−1 (4.4)
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Figure 4.9: UCHII region candidates within a radius of 0.5, 1.0, 1.5 and 2.0 de-
grees from the centre of the VSA map. The upper right region of each plot
represents the colour criteria determined by Wood and Churchwell (1989a). All
sources are taken from the IRAS point source catalogue (Beichman et al., 1988).
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where Bν(Te) is the Planck function, Ω is the solid beam angle, and we assume
that piθs  Ω.
Assuming a typical value for the electron temperature, Te ∼ 7000 K, equa-
tions 4.3 and 4.4, were used to fit the radio data points (4.85, 33 and 94 GHz) in
each of the plots in Fig. 4.7, with an UCHII emission model. The results of the
fits are shown in Fig. 4.10, and the resulting best fitting values for the source size
and EM are displayed on each plot.
The plots in Fig. 4.10, show that for the 33 GHz VSA emission to be due
to UCHII regions, the typical size of the source is required to be much less than
1 arcsec, with an EM of 2×109 cm−6 pc. These values are towards the upper end
of the observed values for UCHII regions (Wood and Churchwell, 1989b), and
with sources much less than 1 arcsec, they would not appear as extended objects
in the VSA map.
Therefore, emission from UCHII regions is ruled out as a possible source of
the excess emission detected at 33 GHz.
4.7 Other Sources of Peaked Spectra
In addition to UCHII regions, peaked spectra in the microwave regime could also
be caused by Gigahertz Peaked Spectrum (GPS) radio sources. GPS sources
are compact radio sources with a convex spectrum, usually peaking around 1 –
10 GHz (O’Dea, 1998). The source of the peaked spectrum in GPS sources is
thought to be synchrotron self-absorption. Due to their compact nature, GPS
sources would appear point-like in the NVSS and GB6 maps, but as I have already
shown, the five dust-correlated features in the VSA map cannot be due to compact
radio sources.
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Figure 4.10: Integrated flux density spectra for the five dust-correlated features
in the VSA map. An UCHII emission model is fitted to the 4.85, 33 and 94 GHz
data points to exclude UCHII regions as a possible explanation for the excess
emission observed by the VSA.
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Another possible source of peaked spectra is the hypothesis of magnetic dipole
emission as proposed by Draine and Lazarian (1999). As described in Sec-
tion 1.2.2, magnetic dipole radiation is expected to be more highly polarised
than spinning dust. Battistelli et al. (2006) performed polarisation observations
of G159.6–18.5 with the COSMOSOMAS experiment, and found the level of po-
larisation to be 3.4 % at 11 GHz, which is consistent with the levels expected for
electric dipole radiation, ruling out magnetic dipole emission as a viable option.
Therefore, having exhausted all other possible explanations of peaked spectra,
the only plausible source of the excess emission present in the VSA map is electric
dipole radiation from spinning dust grains.
4.8 Dust Emissivity
The dust emissivity, defined here as the ratio between the microwave and far-IR
emission, provides a convenient way to represent the excess emission found in
Figs. 4.7 and 4.8, and is measured in units of µK (MJy sr−1)−1. Using the values
in Table 4.3, the dust emissivity between 33 GHz and 100 µm was calculated for
all five features of anomalous emission detected in G159.6–18.5. Table 4.5 lists
these dust emissivity values, along with the dust emissivity for six other detections
of anomalous emission: two values based on Hii regions and four values for typical
intermediate Galactic latitudes.
At ≈ 30 GHz, the dust emissivity is known to have a typical value of 10 µK
(MJy sr−1)−1 with a factor of ≈ 2 variation at intermediate Galactic latitudes
(Davies et al., 2006). The dust emissivity for the five features found in G159.6–
18.5 are consistent with this value.
The results tabulated in Table 4.5 show that the five features of anomalous
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Table 4.5: Dust emissivities at ≈ 30 GHz relative to 100 µm for the five features
observed in this work, and six other sources to provide a comparison. The six
Hii regions is a mean value based on six southern Hii regions, LPH 96 is also
an Hii region and LDN 1622 is a dark cloud. The all-sky value is a mean value
outside the Kp2 mask, and the fifteen regions value is a mean value of fifteen high
latitude regions, both from WMAP. G159.6–18.5 is the value obtained with the
COSMOSOMAS observations.
Source Dust Emissivity Reference
µK (MJy sr−1)−1
A1 2.8 ± 0.7 This Thesis
A2 16.4 ± 4.1 This Thesis
A3 12.8 ± 6.1 This Thesis
B 13.2 ± 3.6 This Thesis
C 13.0 ± 3.2 This Thesis
6 Hii regions 3.3 ± 1.7 Dickinson et al. (2007)
LPH 96 5.8 ± 2.3 Dickinson et al. (2006)
All-sky 10.9 ± 1.1 Davies et al. (2006)
15 regions 11.2 ± 1.5 Davies et al. (2006)
LDN 1622 24.1 ± 0.7 Casassus et al. (2006)
G159.6–18.5 15.7 ± 0.3 Watson et al. (2005)
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emission identified in G159.6–18.5 with the VSA, are similar in strength to pre-
vious anomalous emission detections at intermediate Galactic latitudes. Features
A2, A3, B and C have a dust emissivity similar to the typical value found for inter-
mediate Galactic latitudes, while feature A1, with a much lower dust emissivity,
is similar to that for Hii regions.
The lower dust emissivity per unit of 100 µm surface brightness in Hii regions
may be the result of the relative difference in physical environmental conditions
compared with those in the general ISM. For example, the warmer dust resulting
from the strong UV radiation field in an Hii region will emit more strongly at
100 µm, thereby reducing the radio to far-IR emissivity ratio for a given amount of
dust. Additionally, the more energetic radiation field may disassociate the small
dust grains responsible for the spinning dust emission. Feature A1, associated
with the reflection nebula IC 348, has an emissivity similar to an Hii region
although no Hii region, with a flux density greater than 200 mJy at 4.85 GHz, is
seen at the position of IC 348. Nevertheless, there is a significant UV radiation
field arising from the low-mass stars comprising the open cluster IC 348, and
there may additionally be some UV illumination from the nearby Perseus OB2
association. The overall radiation field in IC 348 is expected to be ∼ 10 times
that of the general ISM (Bachiller et al., 1987). The higher dust temperature
(Tdust ≈ 40 K) compared with that (Tdust ≈ 30 K) in the cooler features confirms
the presence of this higher radiation field in the A1 region, but the lack of a
detectable Hii region indicates a less intense radiation field or a lower gas density
than in a normal Hii region.
Table 4.5 can therefore be used as an indicator to confirm that the strength
of the anomalous emission found in G159.6–18.5 is comparable to previous detec-
tions of anomalous emission attributed to spinning dust emission.
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However, this dust emissivity, measured in µK (MJy sr−1)−1, can only provide
an accurate comparison if all the dust producing the far-IR 100 µm emission is
at the same equilibrium temperature. This effect can be seen from the plots in
Fig 4.11 and Fig. 4.12.
Fig. 4.11 displays the modified black-body functions representing the far-IR
emission at a range of different temperatures between 20 and 60 K. It is possible
to see that as the temperature increases, both the peak frequency and peak
intensity of the far-IR emission increase. This illustrates that, when using the
dust emissivity expressed in µK (MJy sr−1)−1, you have to ensure that the dust
temperature is constant, because the emission at 100 µm varies significantly with
dust temperature.
Taking this even further, it is possible to identify from Fig. 4.12 that the
dust emissivity is very dependent on the temperature of the dust: as the dust
temperature decreases, the dust emissivity rapidly increases. This implies that
if you have two dust emissivity measurements in units of µK (MJy sr−1)−1, with
a value of Tdust = 40 K and Tdust = 30 K, respectively, then the ratio of dust
emissivity between them will be ∼ 3. This is due to the difference in Tdust alone.
Since the far-IR dust in Hii regions is generally hotter than the typical ISM,
this temperature effect could therefore account for the observed lower dust emis-
sivity measured in Hii regions (see Table 4.5).
The unit of measurement of dust emissivity favoured by the theorists is that
of flux density per column density of hydrogen (Draine and Lazarian, 1998a,b).
The reason for this is that the theory is based on physical models, which are tied
to the element abundances relative to hydrogen. For this reason, and because of
the limitations of the emissivity measured in units of µK (MJy sr−1)−1, I decided
to calculate the emissivities in these new units of flux density per column density
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Figure 4.11: Modified black-body curves representing the far-IR emission for a
range of dust temperatures between 20 and 60 K. The plot illustrates how the
emission varies with dust temperature. The vertical line identifies 100 µm.
Figure 4.12: Plot showing the dependence of the dust emissivity, measured in µK
(MJy sr−1)−1, on the dust temperature for temperatures between 20 – 80 K,
assuming a 33 GHz brightness temperature of 100 µK.
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of hydrogen.
To compute an estimate of N(H), I used the the E(B − V ) extinction map
created by Schlegel et al. (1998), using a conversion factor of
N(H)
E(B − V ) = 8× 10
21 cm−2 mag−1 (4.5)
as described in Finkbeiner et al. (2002). The dust emissivity in units of flux
density per column density of hydrogen was then computed for all five features
in the VSA 33 GHz map. The computed values are listed in Table 4.6 and are
plotted in Fig. 4.13. Also plotted are the Draine and Lazarian (1998a,b) spinning
dust models, as shown previously in Fig. 1.12, along with some of the initial
detections of anomalous emission described in Section 1.2.2.
From Fig. 4.13 it is possible to see that the dust emissivity values appear
slightly lower than the values predicted by the spinning dust models. However,
this discrepancy can be explained because this method used in Finkbeiner et al.
(2002) to compute the N(H) is actually only acceptable for high Galactic latitudes
where the ratio of total to selective extinction, RV , is ∼ 3.1. However, in molecu-
lar clouds, RV can be as large as ∼ 5.5 (Evans et al., 2009). The dust emissivity
is inversely proportional to the column density. Therefore, using E(B − V ), to
compute the column density, implies that the dust emissivity is inversely propor-
tional to E(B − V ). Since E(B − V ) is inversely proportional to RV , using a
value of RV = 3.1, rather than 5.5, implies that the value of E(B − V ) will be
larger, and hence the emissivity will be smaller.
It was therefore decided to use the column density map described in Chap-
ter 3, which was computed from neutral and molecular hydrogen measurements,
to compute the dust emissivity. This map is more accurate as it was created
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Figure 4.13: Dust emissivity plots using the dust reddening, E(B−V ), to compute
the column density of hydrogen as described in Finkbeiner et al. (2002). The VSA
33 GHz data points (filled squares) appear to underestimate the spinning dust
emissivities. Also plotted are the Draine and Lazarian (1998a,b) spinning dust
curves and a few of the initial detections of anomalous emission: DMR (Kogut
et al., 1996); Saskatoon (de Oliveira-Costa et al., 1997); OVRO (Leitch et al.,
1997); Cottingham (de Oliveira-Costa et al., 1998); Tenerife (de Oliveira-Costa
et al., 1999).
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Table 4.6: Dust emissivity for the five dust-correlated features in various units
of measurement.†Computed using the dust reddening. ‡Computed using neutral
and molecular hydrogen.
Source Dust Emissivity
µK (MJy sr−1)−1 (10−18 Jy sr−1 cm−2 H−1)† (10−18 Jy sr−1 cm−2 H−1)‡ (MJy sr−1)
A1 2.8 ± 0.7 1.2 ± 1.1 8.6 ± 8.0 18.4 ± 16.9
A2 16.4 ± 4.1 2.2 ± 0.6 7.7 ± 2.2 16.5 ± 4.7
A3 12.8 ± 6.1 1.3 ± 1.0 3.5 ± 2.6 7.4 ± 5.6
B 13.2 ± 3.6 1.8 ± 0.8 5.7 ± 2.3 12.1 ± 5.0
C 13.0 ± 3.2 3.1 ± 1.1 5.8 ± 2.1 12.4 ± 4.5
assuming a value of RV = 5.5. The dust emissivity computed using this column
density map for all five anomalous emission features are listed in Table 4.6 and are
plotted in Fig 4.14. It is obvious to see that these values are much more accurate
and actually agree with the levels predicted by the spinning dust models.
The dust emissivity plotted in Fig. 4.14 can also be plotted in terms of the
dust optical depth at 100 µm as in Finkbeiner et al. (2004), using a canonical
factor of 2.13×1024 H cm−2 = unit τ100µm. These new dust emissivity plots are
shown in Fig. 4.15, and the corresponding dust emissivity values are listed in
Table 4.6.
The plots in Figs. 4.14 and 4.15 and the results in Table 4.6 show that the
dust emissivity for feature A1 is consistent with the other four features. This
is different to what is shown in Table 4.5, where the dust emissivity for feature
A1 is much lower than that of the other four features. This implies that the
temperature effect, described previously, was the cause of the lower emissivity for
feature A1.
These results of the dust emissivity confirm that the excess emission observed
with the VSA is consistent with the spinning dust model.
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Figure 4.14: Dust emissivity plots using neutral and molecular hydrogen mea-
surements to compute the column density of hydrogen. The VSA 33 GHz data
points (filled squares) appear to agree with the spinning dust emissivities. Also
plotted are the Draine and Lazarian (1998a,b) spinning dust curves and a few of
the initial detections of anomalous emission: DMR (Kogut et al., 1996); Saska-
toon (de Oliveira-Costa et al., 1997); OVRO (Leitch et al., 1997); Cottingham (de
Oliveira-Costa et al., 1998); Tenerife (de Oliveira-Costa et al., 1999).
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Figure 4.15: Dust emissivity plots per dust optical depth at 100 µm. The VSA
33 GHz data points (filled squares) appear to agree with the spinning dust emis-
sivities. Also plotted are the Draine and Lazarian (1998a,b) spinning dust curves
and a few of the initial detections of anomalous emission: DMR (Kogut et al.,
1996); Saskatoon (de Oliveira-Costa et al., 1997); OVRO (Leitch et al., 1997);
Cottingham (de Oliveira-Costa et al., 1998); Tenerife (de Oliveira-Costa et al.,
1999).
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4.9 Anomalous Microwave Emission and Angular
Scale
As discussed in Section 2.3, G159.6–18.5 was observed by Watson et al. (2005)
with the COSMOSOMAS experiment on angular scales of ≈ 1 degree, and hence
could not resolve any of the five individual features observed with the VSA. Using
both results (COSMOSOMAS and VSA) allowed an accurate investigation of how
the anomalous emission in this region varies with angular scale. The total WMAP
flux density2 measured by Watson et al. (2005) was 40.3 ± 0.4 Jy at 33 GHz.
The total flux density of the six features observed with the VSA is 4.6 ± 0.4 Jy,
which is < 12 % of that observed on degree angular scales. This result implies
that the VSA is only observing a small fraction of the anomalous emission, and
hence the bulk of the anomalous emission must be originating from large-scale
structure that is being resolved out by the VSA.
Also, comparing the dust emissivity (in units of µK (MJy sr−1)−1) between
this work and the result from Watson et al. (2005), it appears that the results
are in agreement. Ignoring feature A1 as it is affected by a temperature ef-
fect, the mean dust emissivity calculated for the features A2, A3, B and C is
13.8 ± 2.0 µK (MJy sr−1)−1, which is consistent with the integrated value of the
whole region of 15.7 ± 0.3 µK (MJy sr−1)−1.
2This was the WMAP data reprocessed with the COSMOSOMAS observing strategy.
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4.10 Final Interpretation of the 33 GHz Emission
in Perseus
The results in this Chapter clearly demonstrate that the 33 GHz emission ob-
served with the VSA is strongly correlated with the far-IR emission. This dust-
correlated emission was also found to be in excess over the continuum free-free
emission and the thermal vibrational dust emission. Both these properties were
prominent in the initial observations of anomalous emission, suggesting that the
emission observed with the VSA is due to anomalous emission.
The contribution from the CMB anisotropies at the angular scales observed
with the VSA was computed and found to be negligible and hence not causing
the excess emission. The spectral energy distributions were fitted with a self-
absorbed free-free emission model (e.g. emission from an UCHII region), and it
was concluded that the parameters were not within the typical range of values.
Also, by computing the dust emissivity and comparing to previous observations,
the dust emissivity is comparable to previous observations of anomalous emission
attributed to spinning dust.
Spectroscopic observations (Iglesias-Groth et al., 2008, 2010) have provided
evidence for the existence of the PAH molecules, Naphthalene and Anthracene,
towards G159.6–18.5, confirming the existence of PAHs, which could be respon-
sible for the spinning dust emission.
Therefore, I conclude that the spinning dust hypothesis provides the most
plausible explanation for the VSA 33 GHz emission observed in G159.6–18.5.
Chapter5
Spitzer Observations of the Perseus
Region
5.1 The Spitzer Space Telescope
The Spitzer Space Telescope (formerly known as the Space Infrared Telescope
Facility, SIRTF) was the final mission in the National Aeronautics and Space Ad-
ministration (NASA) Great Observatories Program: a family of four space-based
observatories (the Hubble Space Telescope, the Compton Gamma-Ray Observa-
tory, the Chandra X-ray Observatory and the Spitzer Space Telescope) to observe
the Universe at visible, gamma-ray, X-ray and IR wavelengths.
Spitzer has three cryogenically-cooled, focal plane instruments onboard: two
photometric instruments; the Multiband Imaging Photometer for Spitzer (MIPS)
and the Infrared Array Camera (IRAC) and one spectroscopic instrument; the In-
frared Spectrograph (IRS).
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5.1.1 Advantages of using the Spitzer Space Telescope
The IRIS maps used in previous Chapters to help analyse the anomalous mi-
crowave emission were the most prominent all-sky maps at mid- to far-IR wave-
lengths. More recently these IRIS maps have been superseded due to the success
of the Spitzer Space Telescope observations.1 Table 5.1 provides a brief specifica-
tion of both IRIS and the Spitzer Space Telescope, allowing a direct comparison
to be made. Several benefits of using Spitzer observations as opposed to IRIS ob-
servations are apparent from Table 5.1, including the increase in wavelength cov-
erage, the much narrower bandpasses and the improved angular resolution. How-
ever, there are other important advantages of Spitzer observations such as much
more accurate baseline levels and zodiacal light modelling. Although the IRIS
maps were an improvement over the original IRAS maps with regards to zodiacal
light removal, the Spitzer data use a zodiacal light model based on data from
the DIRBE instrument onboard COBE (Kelsall et al., 1998). Fig. 5.1 displays
the SED of the zodiacal light using data from DIRBE and FIRAS, highlight-
ing how the zodiacal light appears to peak at mid-IR wavelengths. Spitzer data
also allow for the possibility of performing accurate source subtraction, and fi-
nally, the Spitzer Space Telescope provides both photometric and spectroscopic
observations, while IRAS was completely photometric.
5.2 Spitzer Observations
As mentioned previously, the Spitzer Space Telescope is an observatory where
observers can submit proposals to perform individual pointings. However, there
1It is worth noting that unlike IRAS, the Spitzer Space Telescope is an observatory and as
such performs pointed observations rather than an all-sky survey.
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Table 5.1: Comparison between IRIS data and photometric Spitzer data.
Instrument Wavelength Ang. Res. Bandpass
(µm) (arcsec) (µm)
IRIS 12 228 8.5
IRIS 25 228 15.5
IRIS 60 240 60
IRIS 100 258 75
Spitzer IRAC 3.6 2 0.9
Spitzer IRAC 4.5 2 1.5
Spitzer IRAC 5.8 2 1.9
Spitzer IRAC 8.0 2 4.3
Spitzer MIPS 24 6 14.2
Spitzer MIPS 70 19 61.1
Spitzer MIPS 160 40 99.8
Figure 5.1: Spectrum of the zodiacal light showing how it becomes more of a
problem at mid-IR wavelengths (Fixsen and Dwek, 2002).
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Table 5.2: Comparison between the c2d observations and the observations used
in this analysis.
Wavelength No. of AORs Approx. Coverage (sq. degs)
c2d This Thesis c2d This Thesis
MIPS 24 µm 22 8 10.6 4.4
MIPS 70 µm 22 8 10.6 3.9
MIPS 160 µm 22 8 10.6 4.2
IRAC 3.6 µm 38 8 3.9 2.3
IRAC 4.5 µm 38 8 3.9 2.3
IRAC 5.8 µm 38 8 3.9 2.3
IRAC 8.0 µm 38 8 3.9 2.3
were a number of Legacy Programs aimed at performing major science projects,
while also creating a substantial database of archived observations. The photo-
metric data used in this thesis on the Perseus molecular cloud were observed dur-
ing one of the Legacy Programs called From Molecular Cores to Planet-Forming
Disks (c2d) (Evans et al., 2003). The archived c2d data are available to download
from the Spitzer Science Centre (SSC) website.2 Spitzer data are stored and la-
belled using the appropriate Astronomical Observation Request (AOR). Table 5.2
provides a brief summary of all the available c2d photometric observations, and
the observations used in this analysis. Note that not all the c2d data were used,
only the data providing coverage of the VSA observations. Tables 5.3 and 5.4
provide more detailed information about the photometric observations included
in this analysis.
2http://ssc.spitzer.caltech.edu/spitzermission/observingprograms/legacy/c2d/
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5.3 Spitzer Data Reduction
The c2d Basic Calibrated Data (BCDs) were processed using version S13 of
the SSC pipeline. Due to updates in the data reprocessing techniques recently
developed by the MIPSGAL team (Carey et al., 2009), it was decided to repro-
cess the raw c2d data for this analysis. These reprocessing techniques were not
available at the time of the c2d data release, and they comprehensively improve
the quality of the final maps. Also, updates in the SSC pipeline,3 such as the
removal of “jailbars” from all IRAC channels, updates to the Point Response
Function (PRF) for all four IRAC bands and improvements in artifact mitigation
tools have led to an enhancement in the quality of the data. Finally, the current
analysis has a different scientific goal than c2d and I thought it best to reprocess
the data to suit the specific needs of this work.
5.3.1 MIPS
The MIPS instrument observes at three bands centred on 24, 70 and 160 µm.
The 24 µm data required minimal reprocessing, while the 70 and 160 µm data,
however, required substantially more reprocessing. The difference in quality be-
tween the 24 µm and the 70 and 160 µm data is caused by the different detector
materials: the 24 µm detector is a Si:As array, while the 70 and 160 µm detectors
are Ge:Ga arrays. The responsivity of the Ge:Ga arrays varies significantly with
the build-up of charge from cosmic ray hits. To monitor these variations, frequent
(every ≈ 2 min), brief (≈ 2 sec) stimulator flashes occur providing a continuous
measurement of the responsivity of the Ge:Ga arrays. In addition to these stimu-
lator flashes, approximately every 3 hours a thermal anneal occurs, which erases
3The MIPS and IRAC data used in this analysis were processed by versions S16 and S14,
respectively.
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Table 5.3: Summary of the MIPS observations used in the present analysis. Same
AORs for 24, 70 and 160 µm. Not all of the original c2d AORs were selected,
only those providing coverage of the VSA observations.
Field RA DEC AOR
(J2000) (J2000) Epoch 1 Epoch 2
per2 03:44:30.7 +32:06:08.1 5781248 5787904
per3 03:42:34.5 +31:55:33.0 5781504 5788160
per4 03:40:39.0 +31:37:53.0 5781760 5788416
per5 03:37:42.0 +31:16:41.0 5782016 5788672
the accumulated effects of these cosmic ray hits. This thermal anneal raises the
temperature of the Ge:Ga detectors to ≈ 7 K and ≈ 5 K for the 70 µm and
160 µm arrays, respectively. The Si:As array is less sensitive to this build-up of
charge, and hence does not require frequent stimulator flashes or thermal anneals.
24 µm
MIPS 24 µm data suffer from the “first frame effect”, which is caused by the first
frames having a shorter exposure time, resulting in a ∼ 10 – 15 % suppression of
the signal. This first frame effect also affects the second and third frames, to a
lesser extent, with a ∼ 2 % suppression. For this reason, the first three frames of
each observation were discarded.4
After discarding the first three frames, the next procedure implemented was a
zodiacal light subtraction. The mean value of the zodiacal light was ≈ 32 MJy/sr
across the entire map. This zodiacal light subtraction was performed individually
on the BCDs, and finally, an overlap correction routine developed for the MIPS-
GAL survey (Mizuno et al., 2008), was applied to match the background level
of all the individual BCDs. The BCDs were interpolated onto a common grid
4The removal of these frames had no significant effect on the data as there were sufficiently
many frames available to compensate.
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and combined to produce the final mosaic using the MOsaicker and Point source
EXtractor (MOPEX), the SSC’s software package for the reduction and analysis
of Spitzer data.
70 µm
As discussed previously, the responsivity of the Ge:Ga arrays is monitored via
frequent stimulator flashes. However, if a stimulator flash occurs while simulta-
neously observing a bright region of sky, it can yield an inaccurate measurement
of the responsivity, which can have adverse effects such as the production of bright
latents in the data.
One of the data reduction tools provided by the SSC is the Ge Reprocessing
Tools (GeRT) software,5 which allows the user to re-run the SSC pipeline oﬄine.
The GeRT software processes the original raw data files, producing BCDs, in a
similar manner to the SSC pipeline, but it allows the user to optimise the pipeline
settings specifically for their requirements.
Before running the GeRT software on the data, all the stimulator flash mea-
surements were inspected and any erroneous measurements were removed. This
was performed using a moving median filter to reject any stimulator values out-
side 3.5σ of this median. Then, the GeRT processing was performed, but with
all the incorrect measurements discarded, the responsivity was much more accu-
rately measured, resulting in substantially improved BCDs. For further details
on this GeRT reprocessing see Paladini et al. (in prep.).
These newly created BCDs were then subject to a “flat-fielding” routine to
remove slowly varying gain fluctuations in the detector (see Fig. 5.2). This “delta-
flat” was produced by stacking all the BCDs between two consecutive stimulator
5The GeRT software was one of the image processing tools that was publicly released after
the c2d data release.
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Figure 5.2: MIPS 70 µm maps: Top left : c2d map displaying the vertical stri-
ations caused by the variations in responsivity in the Ge:Ga detector and the
artificial step caused by the thermal anneal; Top right : My map showing the
result of running the GeRT software and the “flat-fielding”, which has removed
the striations observed in the c2d map; Bottom: My map after correcting for the
step caused by the thermal anneal. This is an example of where I have been able
to improve on the c2d maps. Source subtraction has not yet been performed on
any of these images.
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Figure 5.3: Plot showing the time since the last thermal anneal, τ , for all the
70 µm BCDs. Epoch 1 and 2 are displayed, and it is clear to see that τ decreases
significantly between the last, and second to last AOR for both epochs, which is
a result of the anneal.
flash measurements, creating a median image (with an outlier rejection run to
remove any outliers outside 2.5σ of the median), normalising this median image
by its median value, and then applying this normalised image multiplicatively to
the stack of BCDs.6
During this reprocessing, it was identified that a thermal anneal occurred
between observations of this region. Fig. 5.3 displays the time since the last
anneal, τ , for each BCD in both epochs. It is possible to identify the separation
between individual AORs in the plot, which appear as small deviations in the
lines. The large discontinuity where τ decreases is where the anneal occurred.
This anneal created a step in the map, which can be seen in Fig. 5.2. Since it
6This method assumes that each BCD observes the same part of the sky, and this is almost
true if the region of interest is truly a diffuse region.
CHAPTER 5. SPITZER OBSERVATIONS OF PERSEUS 183
is unclear whether the responsivity is more accurate before or after the anneal,
the IRIS 60 µm map was used to determine which was more representative, and
it was found that the best match between the IRIS 60 µm and MIPS 70 µm maps
occurred after the anneal had been performed. By performing cuts across the
step in the map, the mean offset was computed to be 10.3 MJy/sr, and then this
was used to scale the appropriate BCDs to correct for the anneal (see Fig. 5.2).
The data were then corrected for zodiacal light, which had a mean value
of ≈ 10 MJy/sr across the map, and overlap corrected (as for the MIPS 24 µm)
to ensure a consistent background level existed. Finally, these BCDs, ignoring
stimulator flash frames, were mosaicked together to produce the final map.
160 µm
The MIPS 160 µm, like the 70 µm, has a Ge:Ga detector, and hence also had to
be reprocessed using the GeRT software as described previously for the 70 µm
data. The newly produced BCDs did not, however, require “flat-fielding”, and at
this wavelength the zodiacal light is negligible (< 2 %). No overlap correction
was required.
The 160 µm detector has a much smaller field of view compared with the 24
and 70 µm arrays. This, combined with the fact that over half of the detector
has damaged pixels, resulted in an incomplete coverage of the 160 µm map (see
Fig. 5.4). To mitigate this effect, 40 arcsec pixels were selected when performing
the final mosaic, allowing MOPEX to interpolate between pixels and account for
the lack of coverage. This map was then regridded onto the native 16 arcsec pixel
grid (see Fig. 5.4).
CHAPTER 5. SPITZER OBSERVATIONS OF PERSEUS 184
Figure 5.4: MIPS 160 µm maps: Top left : c2d map displaying the vertical stria-
tions caused by the variations in responsivity in the Ge:Ga detector and the gaps
in the coverage; Top right : My map showing the result of running the GeRT
software, which has removed the striations observed in the c2d map; Bottom: My
map after correcting for the lack of coverage using 40 arcsec pixels when creat-
ing the mosaic with MOPEX. This is an example of where I have been able to
improve on the c2d maps.
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Table 5.4: Summary of the IRAC observations used in the present analysis. Same
AORs for 3.6, 4.5, 5.8 and 8.0 µm. Not all of the original c2d AORs were selected,
only those providing coverage of the VSA observations.
Field RA DEC AOR
(J2000) (J2000)
per2 03:46:01.0 +32:29:16.0 5790720
per4 03:44:53.3 +31:39:00.0 5791232
per5 03:41:59.0 +31:48:34.0 5791488
per6 03:40:12.0 +31:26:41.0 5791744
per7 03:38:27.0 +31:22:11.0 5792000
per8 03:36:23.0 +31:08:41.0 5792256
per9 03:33:36.0 +31:08:50.0 5792512
ic348 03:44:21.5 +32:10:16.8 5790976
5.3.2 IRAC
The IRAC instrument observes over a wavelength range of 3.0 µm to 10.5 µm in
four bands centred on 3.6, 4.5, 5.8 and 8.0 µm. IRAC observations are calibrated
using point sources, but since this work is focused on the diffuse ISM, an extended
emission correction must be applied. This accounts for all the extra flux that
falls on the detector due to the extended emission, and was applied to all BCDs
individually.
All four IRAC bands suffer from well known artifacts such as muxbleed (a
row of enhanced pixels following a bright source), column pulldown (a column of
pixels with reduced intensity following a bright source) and electronic banding (a
bias shift in a row containing a bright source). To mitigate these artifacts, and
the first frame effect, the IRAC BCDs were processed using contributed software
provided by Sean Carey.7 Fig. 5.5 displays IRAC 3.6 µm data both before and
after correcting for these artifacts. This artifact mitigation software was publicly
7http://ssc.spitzer.caltech.edu/dataanalysistools/tools/contributed/irac/iracartifact/
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Figure 5.5: IRAC 3.6 µm maps: a) Original AOR displaying some of the artifacts
observed in the IRAC maps; b) My AOR after performing the artifact mitigation.
Source subtraction has not yet been performed on either of these images.
released after the c2d data release, and hence was not available for the c2d data
reduction.
After performing this artifact mitigation, the zodiacal light was subtracted,
and to remove large-scale gradients, a “flat-fielding” was applied, before finally
applying an overlap correction.
5.3.3 Source Extraction
All Spitzer bands, with the exception of the MIPS 160 µm, contained point
sources. To ensure that these sources do not contaminate the diffuse ISM, they
must be accurately subtracted. This source subtraction was performed using
the Astronomical Point source EXtractor (APEX), part of the SSC’s MOPEX
software.
The source extraction for the MIPS 24 and 70 µm was performed on the final
mosaics in single-frame mode, while no source subtraction was required for the
160 µm mosaic. For the MIPS 24 µm source subtraction, the recently developed
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Figure 5.6: Source extraction on MIPS 24 µm: a) Portion (IC 348) of the MIPS
24 µm image overlaid with the c2d sources showing the limitations of the c2d
source extraction; b) Portion (IC 348) of the MIPS 24 µm image overlaid with
the sources extracted using the MIPSGAL pipeline showing the enhancement in
completeness. This is an example of where I have been able to improve on the c2d
maps. Source subtraction has not yet been performed on either of these images.
MIPSGAL source extraction pipeline (Shenoy et al., in prep.) was incorporated.
This produced a source catalogue with a completeness of ∼ 95 % down to the
15 mJy level. This catalogue is more complete, and sensitive, than the c2d
catalogue (see Fig. 5.6), and identified ∼ 10 times as many sources within this
region. For the MIPS 70 µm, the brightest sources in the mosaic were used
to create a PRF. By creating a PRF from the final mosaic, it resulted in more
accurate source subtraction and much better residuals.
The IRAC source subtraction was performed using APEX in the multi-frame
mode. This differs from the single-frame mode in that the source extraction is
performed simultaneously on the stack of BCDs rather than on the final mosaic.
This is required for IRAC data where there is intra-pixel variability. This source
extraction made use of the recently updated in-flight PRFs available for IRAC to
improve the source extraction. IRAC channels 1 and 2 have such a high density of
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sources that it makes them difficult to use for analysing extended emission (e.g. see
the density of sources in Fig. 5.5), and for this reason these channels were not
used throughout the rest of this analysis.
Although the source extraction was performed to allow for a more accurate
investigation of the diffuse ISM, the 24 µm list of sources extracted by the MIPS-
GAL pipeline could be made publicly available, as it would be extremely useful
for performing an investigation of the point sources.
5.3.4 IRS
IRS is the spectrometer instrument onboard the Spitzer Space Telescope. It con-
sists of four modules, Short-Low (SL), Long-Low (LL), Short-High (SH) and Long-
High (LH) covering a wavelength range of 5.2 µm ≤ λ ≤ 38 µm. For this work,
however, only SL data (5.2 µm ≤ λ ≤ 14.5 µm) were used to focus solely on the
wavelength range incorporating the PAH emission bands, with a resolution, R, of
R =
λ
∆λ
∼ 60 − 130 (5.1)
The IRS SL module consists of two8 orders, with the 1st order covering 7.4 –
14.5 µm and the 2nd order covering 5.2 – 7.7 µm.
As previously discussed, the photometric data were reprocessed to improve the
quality of the observations. The spectroscopic data were also reprocessed, but
not only to improve the quality of the data, but because the original observations
were aimed at point sources (e.g. Young Stellar Objects (YSOs)), whereas this
work is aimed at the diffuse ISM. This resulted in a complete reduction of the IRS
data from scratch.
8There is also a small bonus segment covering 7.3 – 8.7 µm.
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Figure 5.7: IRAC 8 µm image overlaid with all 47 IRS SL pointings.
The initial step involved searching the Spitzer data archive using the Leop-
ard tool. Selecting all the IRS observations within the Perseus molecular cloud
resulted in 48 AORs, however selecting data both within the IRAC coverage pro-
vided by the AORs in Table 5.4, and with usable SL observations, reduced this
to 37 AORs with 47 individual pointings (some of the AORs contained multiple
pointings). These 37 AORs are listed in Table 5.5, along with their corresponding
observing program, and the location of the pointings are displayed in Fig. 5.7.
The data reduction started with the BCDs, with the first step involving the
cleaning of the data. This cleaning was performed using the IDL based interactive
tool called irsclean mask. This applies a rogue pixel mask to mask pixels with
known problems, allows the user to select rogue pixels by hand, and finally creates
clean BCDs. These clean BCDs were then median combined to produce a single
BCD for each pointing.
The method used to perform these observations was identical for all 37 AORs.
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Table 5.5: Summary of the IRS observations used in the present analysis.
AOR Program ID Program Name
16266752 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12708352 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16266496 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12707584 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12707072 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12706304 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12705536 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16266240 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16269056 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16268800 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16268544 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16268288 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16268032 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16265984 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16267776 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16267520 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16267264 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
16267008 2 Spectroscopy of Protostellar, Protoplanetary and Debris Disks
12620288 36 Deep IRAC Imaging of Brown Dwarfs in Star Forming Clusters
16046080 36 Deep IRAC Imaging of Brown Dwarfs in Star Forming Clusters
16045824 36 Deep IRAC Imaging of Brown Dwarfs in Star Forming Clusters
15735296 179 c2d
15735552 179 c2d
15736064 179 c2d
15736576 179 c2d
15736320 179 c2d
13467904 248 Disk Evolution in Young Brown Dwarfs
15191808 20803 Disk Evolution in Young Brown Dwarfs
15191552 20803 Disk Evolution in Young Brown Dwarfs
18359296 30540 Disk Structure and Planet Formation Around Young Low Mass Stars and Brown Dwarfs
18359808 30540 Disk Structure and Planet Formation Around Young Low Mass Stars and Brown Dwarfs
18359552 30540 Disk Structure and Planet Formation Around Young Low Mass Stars and Brown Dwarfs
18359040 30540 Disk Structure and Planet Formation Around Young Low Mass Stars and Brown Dwarfs
19052288 30843 IRS and MIPS Observations of Transitional Disks with Inner Holes
19053824 30843 IRS and MIPS Observations of Transitional Disks with Inner Holes
19053568 30843 IRS and MIPS Observations of Transitional Disks with Inner Holes
19054848 30843 IRS and MIPS Observations of Transitional Disks with Inner Holes
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Figure 5.8: A close-up of one of the IRS SL pointings overlaid on the IRAC
8 µm image. The red rectangles represent the 1st order and the yellow rectangles
represent the 2nd order. This shows how when the 1st order is observing the
target, the 2nd order is simultaneously observing the sky background. It is also
possible to see how the source is observed twice with each order, identifying the
two nodding positions.
The target source was observed four times, twice (two nodding positions) with
each of the two orders. This idea can be seen in Fig. 5.8. The target is observed
with one order while simultaneously the other order observes some background
emission. This observing strategy is performed to help subtract the background
emission from the line emission of the targeted source. The result of this observing
strategy is shown in Fig. 5.9, where there are four BCDs, one for each observation
of the source. The source appears as a nearly vertical streak, indicating a point
source9 in two nodding positions for each order.
Fig. 5.9 (Top left) corresponds to the target being observed with the 2nd
order in the first nodding position, while Fig. 5.9 (Top right) corresponds to the
target being observed with the 2nd order in the second nodding position. Figs. 5.9
(Bottom left) and (Bottom right) correspond to the target being observed with the
1st order in the first and second nodding positions, respectively. Fig. 5.9 not only
highlights the observing strategy, it also highlights the reason for reprocessing the
IRS data. As stated before, the targets in these observations were typically YSOs,
9The IRS spectra are not rectilinear on the array and this is the reason the streak is not
vertical. This also implies that the spatial direction is almost, but not quite, parallel to the
x-axis and hence this source has a small, fixed spatial size indicative of a point source.
CHAPTER 5. SPITZER OBSERVATIONS OF PERSEUS 192
Figure 5.9: Median combined BCDs for an IRS AOR: Top left : Median combined
BCD with target observed with the 2nd order in first nodding position; Top right :
Median combined BCD with target observed with the 2nd order in second nodding
position; Bottom left : Median combined BCD with target observed with the 1st
order in first nodding position; Bottom right : Median combined BCD with target
observed with the 1st order in second nodding position. Note also the IRS Peak-
Up arrays on the right hand side.
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and hence the analysis was performed on the order containing this source. This
work is interested in the diffuse ISM and hence cannot use the order containing
the target, but must instead use the “off-target” observations as the target.
Therefore, the data in these “off-target” orders were extracted from the BCDs
using the Spitzer IRS Custom Extraction (SPICE) software. The extraction was
performed in batch mode on all 37 AORs across the whole of the slit, converting
the BCDs into spectra. However, further inspection of Figs. 5.8 and 5.9 show that
due to the observing strategy, the 1st order and 2nd order background observations
are of slightly different regions of sky. The offset between the centre of both orders
was calculated to be≈ 157 arcsec. This implies that the spectra created by SPICE
are composed of two orders which are looking at different regions of the sky.
To mitigate this problem, the following approach was used. There are two
positions, say A and B, with the 1st order at position A and the 2nd order at
position B. Ideally what is required is to have both orders at both positions, hence
two complete spectra. However, since this is not the case, the IRAC 8 µmmap was
used to calculate the flux density at both positions. Using these measurements,
the ratio of the 8 µm continuum flux density between the two positions was
computed. This ratio represents the scaling factor necessary to compensate for
the spatial offset in the two positions. For some pointings, the 8 µm ratio is
quite high (≥ 3), which is due to pointings around the edge of IC 348, where
one order falls on IC 348 while the other order does not. For the pointings with
a ratio within the 33 % limit (30 of the 47 pointings – see Fig. 5.10), this ratio
was used to scale the 1st order spectra to match the 2nd order spectra, resulting
in complete spectra with matching orders. After performing this scaling, the
spectra were trimmed to remove the edges, which are less reliable, and each of
the two nodding positions were combined, resulting in a single spectrum for each
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Figure 5.10: Ratio of the 8 µm flux density in the position of the 2nd order and the
1st order. The lines representing unity (solid line) and the ± 33 % value (dashed
line) are shown. 30 of the total 47 pointings lie within the 33 % limit.
pointing. These 30 spectra are shown in Fig. 5.11.
The spectra displayed in Fig. 5.11 highlight the PAH emission features, and
it is possible to identify PAH features at 6.2, 7.7, 11.3 and 12.6 µm in some of
the spectra.
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Figure 5.11: Final spectra for all IRS pointings with an 8 µm flux density ratio
between both orders within ± 33 %. These spectra highlight the PAH emission
features that can be identified in some of the spectra.
Chapter6
Interpretation of the Spitzer
Observations of Perseus
6.1 Reprocessing the Spitzer Data with the VSA
Sampling Distribution
The newly reprocessed photometric Spitzer data discussed in Chapter 5 provide
another opportunity to investigate the microwave-IR correlation. To perform this
analysis, the Spitzer data were reprocessed with the VSA sampling distribution,
using the same techniques that were used for the ancillary data as described
in Section 3.6. However, as can be seen from Table 6.1, the VSA beam is sub-
stantially larger than the Spitzer beams. Table 6.1 illustrates the results of not
deconvolving the instrumental beam before reprocessing the data with the VSA
sampling distribution. The last column in Table 6.1 presents this effect as a frac-
tional increase over the standard VSA angular resolution, and it is clear to see
that this effect is not important for the Spitzer data, and that deconvolution was
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Table 6.1: Values of the effective FWHM for the Spitzer data without performing
any deconvolution. FWHMfinal computed assuming a FWHMV SA of 7 arcmin.
The last column presents this effect as a fractional increase over the standard VSA
angular resolution, demonstrating that deconvolution is not required before re-
sampling with the VSA sampling distribution.
Survey Frequency/ FWHM FWHMfinal Fractional
Wavelength (arcmin) (arcmin) Increase
MIPS 24 µm 0.10 7.00 1.00
MIPS 70 µm 0.32 7.01 1.00
MIPS 160 µm 0.67 7.03 1.00
IRAC 3.6 µm 0.03 7.00 1.00
IRAC 4.5 µm 0.03 7.00 1.00
IRAC 5.8 µm 0.03 7.00 1.00
IRAC 8.0 µm 0.03 7.00 1.00
Table 6.2: List of rescale factors to convert the Spitzer data from their original
units to units of Jy/pixel.
Survey Frequency/ Units FWHM Beam Area Pixel Size Pixels per Rescale
Wavelength (arcmin) (arcsec2) (arcsec2) Beam Factor
MIPS 24 µm MJy/sr 0.10 40.68 256 0.16 6.017×10−3
MIPS 70 µm MJy/sr 0.32 408.02 256 1.59 6.017×10−3
MIPS 160 µm MJy/sr 0.67 1826.13 256 7.13 6.017×10−3
IRAC 5.8 µm MJy/sr 0.03 3.66 256 0.01 6.017×10−3
IRAC 8.0 µm MJy/sr 0.03 3.66 256 0.01 6.017×10−3
not required.
In a similar manner to Table 3.2, Table 6.2 lists the scaling factors used to
convert the Spitzer maps from MJy/sr to Jy/pixel to be resampled using the
AIPS task uvsub. Fig. 6.1 displays the resampled Spitzer maps.
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Figure 6.1: Spitzer maps of G159.6–18.5 reprocessed with the VSA sampling
distribution overlaid with the VSA contours and synthesized beam, as shown in
Fig. 2.23: Top left : MIPS 160 µm; Top right : MIPS 70 µm; Middle left : MIPS
24 µm; Middle right : IRAC 8 µm; Bottom: IRAC 5.8 µm.
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6.2 Correlation between the VSA data and the
Spitzer Data
As discussed in Section 4.1, one of the best ways to investigate the microwave-IR
correlation is by looking at the correlation plots. This analysis was repeated using
the resampled Spitzer data and the corresponding correlation plots are shown in
Figs. 6.2, 6.3, 6.4, 6.5 and 6.6. These plots display the correlation between the
33 GHz data and the IR data. There are five plots for each feature, one for each
of the three MIPS wavebands, and two for IRAC channels 3 and 4. The Pearson
correlation coefficient is also displayed on the plots.
These plots again show that there exists a very good overall correlation be-
tween the microwave emission and the IR emission. As was the case for the IRIS
data, the extent of IC 348 in the IR relative to the microwave can be seen as
the spurious data points in the plots for features A1 and A2. For feature B, the
correlation between the VSA data and the IRAC data is slightly contaminated
due to edge effects in the resampled IRAC maps (see Fig. 6.1). These effects are
caused by “ringing” produced while performing the Fourier transform.
The correlation with the Spitzer data is slightly weaker than with the IRIS
data. Quantitatively, the mean Pearson correlation coefficient over all five fea-
tures, over all five Spitzer bands, is 0.71 ± 0.03 compared with 0.79 ± 0.03
for the IRIS bands. This still shows a high degree of correlation between the
microwave and the IR emission, and the discrepancy could be due to the contam-
ination in the IRAC maps. Splitting the correlation analysis between the MIPS
data and the IRAC data results in correlation coefficients of 0.74 ± 0.04 and
0.64 ± 0.06, respectively.
Table 6.3 lists the Pearson correlation coefficients across all five features, for
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 200
Figure 6.2: Correlation plots between the VSA 33 GHz emission and the MIPS
160 µm emission (Top left), the MIPS 70 µm emission (Top right), the MIPS
24 µm emission (Middle left), the IRAC 8 µm emission (Middle right) and the
IRAC 5.8 µm emission (Bottom) for feature A1. The Pearson correlation coeffi-
cient is displayed on each plot.
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Figure 6.3: Correlation plots between the VSA 33 GHz emission and the MIPS
160 µm emission (Top left), the MIPS 70 µm emission (Top right), the MIPS
24 µm emission (Middle left), the IRAC 8 µm emission (Middle right) and the
IRAC 5.8 µm emission (Bottom) for feature A2. The Pearson correlation coeffi-
cient is displayed on each plot.
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Figure 6.4: Correlation plots between the VSA 33 GHz emission and the MIPS
160 µm emission (Top left), the MIPS 70 µm emission (Top right), the MIPS
24 µm emission (Middle left), the IRAC 8 µm emission (Middle right) and the
IRAC 5.8 µm emission (Bottom) for feature A3. The Pearson correlation coeffi-
cient is displayed on each plot.
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Figure 6.5: Correlation plots between the VSA 33 GHz emission and the MIPS
160 µm emission (Top left), the MIPS 70 µm emission (Top right), the MIPS
24 µm emission (Middle left), the IRAC 8 µm emission (Middle right) and the
IRAC 5.8 µm emission (Bottom) for feature B. The Pearson correlation coefficient
is displayed on each plot.
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Figure 6.6: Correlation plots between the VSA 33 GHz emission and the MIPS
160 µm emission (Top left), the MIPS 70 µm emission (Top right), the MIPS
24 µm emission (Middle left), the IRAC 8 µm emission (Middle right) and the
IRAC 5.8 µm emission (Bottom) for feature C. The Pearson correlation coefficient
is displayed on each plot.
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Table 6.3: Mean Pearson correlation coefficients between the VSA 33 GHz data
and the five Spitzer wavebands, highlighting the significant microwave-IR corre-
lation.
Correlation Coefficient
MIPS 160 µm 0.75 ± 0.07
MIPS 70 µm 0.76 ± 0.07
MIPS 24 µm 0.72 ± 0.07
IRAC 8 µm 0.58 ± 0.09
IRAC 5.8 µm 0.69 ± 0.08
each of the five Spitzer wavebands, highlighting the result of the contamination in
the IRAC maps. Again, similar to the IRIS correlations, the errors on the Pearson
correlation coefficients were computed using the Fisher transformation (Fisher,
1915), and calculating the 68 % confidence interval.
6.3 Dust Modelling
From the results discussed in Chapter 4, it appears that the emission found in
the VSA map is due to electric dipole radiation from spinning dust grains. Ac-
cording to Draine and Lazarian (1998a,b), spinning dust emission is due to the
smallest dust grains. As I discussed in Chapter 1, unlike the BGs, these small
dust grains are not in thermal equilibrium with the ISRF. Remarkably, knowl-
edge of the ISRF is fundamental when attempting to model the interstellar dust,
including even the smallest dust grains (i.e. VSGs and PAHs). The reason for
this is that the ISRF determines the balance between dust coagulation and frag-
mentation, which therefore dictates the grain abundances, grain size distributions
and the ionisation state of the PAHs (Verstraete et al., 2001).
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6.3.1 PAH Emission
The bandpass of the 4.5 µm IRAC channel does not incorporate any of the emis-
sion features produced by PAHs, however it does contain H2 emission lines, while
the IRAC 8 µm channel is centred on the 7.7 µm PAH feature. Therefore, the
ratio of these maps will give an indication of whether the emission is originating
from PAHs or from H2 emission lines. Fig. 6.7 displays the two IRAC channels
and the ratio (IRAC 4.5 µm/IRAC 8 µm) map. Bright features in the ratio
map indicate emission from H2 emission while darker regions identify emission
from PAHs.
Fig. 6.7 shows that only a small region associated with IC 348 has emission
originating from H2 emission lines, and therefore the emission that is highly cor-
related with the VSA emission, is originating from PAHs.
Taking this idea one step further, the same analysis was performed using
the IRS spectra displayed in Fig. 5.11. Using pahfit (Smith et al., 2007), a
PAH dust model was fitted to all 30 spectra. pahfit is a tool developed to
decompose Spitzer IRS spectra into weak, blended dust emission features and
unresolved atomic and molecular lines. The model was developed using a large
selection of high quality IRS spectra obtained from the Spitzer Infrared Nearby
Galaxies Survey (SINGS) Spitzer Legacy program (Kennicutt et al., 2003), and
uses Drude profiles to model the dust features.
Fig. 6.8 displays a screen-shot of pahfit in action, illustrating how it incorpo-
rates both a dust and stellar continuum component along with the dust features
and the unresolved atomic and molecular spectral lines.
With the fitting routine performed, the relative strengths of the PAH emission
features and the adjacent H2 lines were analysed and the level of contamination
was computed. Fig. 6.9 shows the contamination of H2 lines in the three PAH
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Figure 6.7: Top left : IRAC 4.5 µm map; Top right : IRAC 8 µm map; Bot-
tom: Ratio (IRAC 4.5 µm/IRAC 8 µm) map indicating that the dust emission
correlated with the VSA data is due to PAH emission.
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Figure 6.8: Screen-shot showing the pahfit fitting procedure in action on data
analysed in this thesis. Red solid lines represent the thermal dust continuum
components, the magenta line shows the stellar continuum, and the thick grey
line shows the total (dust + stellar) continuum. Above the total continuum, blue
lines represent the dust features, while the narrower violet peaks are unresolved
atomic and molecular spectral lines. The solid green line is the final fitted model,
plotted on the observed IRS flux intensities and uncertainties.
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emission features at 6.2, 7.7 and 11.3 µm for all 30 pointings. This result is
in agreement with the IRAC ratio map shown in Fig. 6.7, stating unequivocally
that the bulk of the emission is originating from PAHs, rather than any atomic or
molecular lines. The level of contamination is < 10 % for 24 of the 30 pointings
for the 6.2 µm feature and for all 30 pointings for both the 7.7 and 11.3 µm
features.
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 210
F
ig
ur
e
6.
9:
P
lo
ts
sh
ow
in
g
th
e
co
nt
am
in
at
io
n
of
at
om
ic
an
d
m
ol
ec
ul
ar
lin
es
to
th
e
6.
2
(T
op
ro
w
),
7.
7
(M
id
dl
e
ro
w
)
an
d
11
.3
(B
ot
to
m
ro
w
)
µ
m
PA
H
fe
at
ur
es
.
T
he
se
pl
ot
s
sh
ow
th
at
th
e
co
nt
am
in
at
io
n
of
th
e
PA
H
fe
at
ur
es
is
m
in
im
al
.
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 211
6.3.2 dustem
The aim of this analysis is to uniquely model and characterise the properties of
the dust grains in the Perseus molecular cloud, and therefore shed light on the
anomalous microwave emission. To perform this modelling of the ISM, dustem, a
dust emission model (Compiègne et al., 2011) was used. dustem, originally based
on the Desert et al. (1990) model, is continuously being updated and developed
by the Institut d’Astrophysique Spatiale (IAS), Paris, in collaboration with the
Centre d’Étude Spatiale des Rayonnements (CESR), Toulouse and the Canadian
Institute for Theoretical Astrophysics (CITA), Toronto.
The version of dustem used in this work incorporates the actual shape of
the PAH emission features, the PAH ionisation state, and it also accounts for ex-
tinction and bandpass filter integration, thereby allowing an SED to be produced
for given instruments. dustem allows the user to constrain parameters including
the strength of the ISRF relative to the Mathis et al. (1983) “solar neighbour-
hood” radiation field, χISRF , the abundances of the PAHs and VSGs relative to
the BGs, YPAH and YV SG, the column density of hydrogen, N(H), the equilibrium
temperature of the BGs, Tdust, the size distribution and the ionisation fraction
of the PAHs.
The dustem analysis in this thesis was performed at two different angular
scales, 7 arcmin and 40 arcsec. The reason for this was that the 7 arcmin scale
represents the emission on the angular scales of the VSA, while the 40 arcsec
scale is the lowest angular resolution of the Spitzer maps (see Table 5.1) and is
therefore the highest angular resolution achievable. Using two different angular
scales also allows the effect of the angular scale to be investigated.
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Convolution
The first step in preparing the reprocessed Spitzer images discussed in Chapter 5
for use with dustem, was to convolve all the images to a common angular res-
olution, and ensure that they are all gridded on the same grid. The convolution
was performed using an effective FWHM rather than the actual FWHM, similar
to what was described in Section 3.10. It was this effective FWHM that was used
to convolve the maps to the required angular scales, and this mitigates the effect
of the intrinsic resolution of the image being convolved and also ensures that all
the convolved maps are at the same angular resolution.
The maps were then all regridded onto a common grid using the IDL routine
hastrom. One common grid was used for both angular scales, with the only
difference being the pixel size: 90 arcsec × 90 arcsec pixels at 7 arcmin scales and
16 arcsec × 16 arcsec pixels at 40 arcsec scales. Note that the pixel orientation
was common to both grids. All the convolved and regridded Spitzer maps at
40 arcsec angular scales are displayed in Fig. 6.10, while the maps at 7 arcmin
angular scales are displayed in Fig. 6.11.
Conservative uncertainties for the flux in the IR maps were estimated to be
10 % for the 5.8, 8, 24 and 100 µm maps and 20 % for the 70 and 160 µm maps.
Colour Maps
The next step was to use the convolved, regridded maps to create colour maps.
As shown in Fig. 6.10, there are five maps at 40 arcsec angular scales (5.8, 8.0,
24, 70 and 160 µm), and Fig. 6.11 shows six maps at 7 arcmin angular scales (5.8,
8.0, 24, 70, 100 and 160 µm). Colour maps were created using these maps on
a pixel-by-pixel basis: a ratio map was computed by simply dividing one map
by another. Since the MIPS 24 µm map is believed to have the most accurate
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Figure 6.10: Reprocessed Spitzer maps convolved to 40 arcsec angular scales: Top
left : IRAC 5.8 µm; Top right : IRAC 8 µm; Middle left : MIPS 24 µm; Middle
right : MIPS 70 µm; Bottom: MIPS 160 µm.
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Figure 6.11: Reprocessed Spitzer maps and IRIS map convolved to 7 arcmin
angular scales: Top left : IRAC 5.8 µm; Top right IRAC 8 µm; Middle left MIPS
24 µm; Middle right : MIPS 70 µm; Bottom left : IRIS 100 µm; Bottom right :
MIPS 160 µm.
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calibration (Roberta Paladini, Private Communication), this was selected as the
reference map, and hence all the colour maps were computed using this map.
This resulted in four colour maps at 40 arcsec angular scales and five colour maps
at 7 arcmin angular scales. These colour maps are displayed in Fig. 6.12 and
Fig. 6.13 for the 40 arcsec and 7 arcmin angular scales, respectively.
It is possible to identify structure in the colour maps shown in Figs. 6.12
and 6.13: the structure can be seen in much more detail at the higher angular
resolution, but it can still be identified at the lower angular resolution. The
exact details relating to the difference between angular scales will be discussed
in Section 6.3.3. By comparing the distribution of this structure between the
maps at the same angular scale, it is possible to distinguish between the dust
grain populations e.g. the 160/24 colour map traces the locations where there are
more BGs than VSGs. With these colour maps created, it was then possible to
run dustem.
Running dustem
dustem incorporates five dust grain species as shown in Table 6.4. For each grain
species with density, ρ, the radius, a, is defined as that of an equivalent sphere
of mass, m = ρ4pia3/3. Also shown in Table 6.4, and displayed in Fig. 6.14, is
the size distribution for each grain species. The size distribution for all species
is a power-law of the form, n(a) ∝ aα, for a between a minimum and maximum
radius, amin and amax, respectively.
In this analysis these five grain species were decreased to the three typical
dust grain populations (PAHs, VSGs and BGs) by merging the neutral and
ionised PAHs and merging the large amorphous carbons and the large silicates,
as shown in Table 6.4.
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Figure 6.12: Colour maps at 40 arcsec angular scales: Top left : 5.8/24; Top right :
8/24; Bottom left : 70/24; Bottom right : 160/24.
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Figure 6.13: Colour maps at 7 arcmin angular scales: Top left : 5.8/24; Top right :
8/24; Middle left : 70/24; Middle right : 100/24; Bottom: 160/24.
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Table 6.4: Dust grain species incorporated within dustem. The mass density, ρ,
and size distributions are listed for each of the grain species. The size distribu-
tions are described by power-laws of the form, n(a) ∝ aα, with a minimum and
maximum grain size, amin and amax, respectively.
Grain Population dustem Grain Species Size Parameters
ρ amin amax α distribution
(g/cm3) (cm) (cm)
PAHs PAHs (neutral) 2.2 4.4×10
−8 8.5×10−8 −1.0 power-law
PAHs (ionised) 2.2 4.4×10−8 8.5×10−8 −1.0 power-law
VSGs Small Amorphous Carbons 1.8 4.0×10−8 4.5×10−7 −1.0 power-law
BGs Large Amorphous Carbons 1.8 3.0×10
−7 2.0×10−5 −3.0 power-law
Large Silicates 3.5 4.0×10−7 2.7×10−5 −3.0 power-law
Figure 6.14: Normalised size distributions for the dust grain species incorporated
within dustem.
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The aim of this work is to investigate the spinning dust hypothesis and hence
this analysis is focused on the smallest dust grains, i.e. VSGs and PAHs, therefore
making it reasonable to assume that there are no variations in the BGs. To
determine any such variations of the BGs with dustem, one would require much
longer wavelengths (e.g. Herschel data at λ > 160 µm) to help fully determine
the peak of the far-IR emission, but this is beyond the scope of this work.
From the ancillary data discussed in Chapter 3, the visual extinction across
this region is known to be quite substantial (AV ≤ 10). However, dustem can
take extinction into account when computing the dust emissivities assuming
Iλ = I0,λ
(
1− e−τλ
τλ
)
(6.1)
where I0,λ is the emissivity without extinction and τλ is the opacity, which is
computed using the derived dust model parameters, YPAH , YV SG and N(H) to
ensure consistency.
The dustem code, which is written in fortran 95, is coupled to an IDL
wrapper. This wrapper allows dustem to be run iteratively and includes an SED
fitting routine, which uses the IDL mpfit (Markwardt, 2009) minimisation rou-
tine. Running dustem, including the SED fitting routine, for each pixel in the
colour maps produced maps of the fitted parameters. This SED fitting routine
takes into account the colour correction, and combining the emissivities com-
puted by dustem and the instrumental bandpass filters, computes the values
that would be observed for a given instrument. The colour correction, K, relates
the flux density one would observe if the target source had the exact spectrum
as that used to calibrate the instrument, fSpitzerν , and the actual flux density of
the source, factualν , via
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 220
K =
fSpitzerν
factualν
(6.2)
The reference spectrum for MIPS is a 10,000 K black-body, while for IRAC
and IRIS the reference spectrum is a flat spectrum (νSν = const.). Therefore,
unless the source you are observing has a spectrum identical to these reference
spectra, the colour correction will be non-zero.
As shown in Figs. 6.12 and 6.13, there are a range of wavelengths available (e.g.
5.8, 8, 24, 70, 100 and 160 µm) for both angular scales, and so to decide on the
final wavelengths to use, I initially ran dustem for all possible combinations:
at 40 arcsec angular scales:
(i) 5.8, 8, 24, 70 and 160 µm
(ii) 8, 24, 70 and 160 µm
(iii) 5.8, 24, 70 and 160 µm
and at 7 arcmin angular scales:
(i) 5.8, 8, 24, 70, 100 and 160 µm
(ii) 8, 24, 70, 100 and 160 µm
(iii) 5.8, 24, 70, 100 and 160 µm
(iv) 5.8, 8, 24, 70 and 160 µm
(v) 8, 24, 70 and 160 µm
(vi) 5.8, 24, 70 and 160 µm
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creating an SED for each run (see Figs. 6.15 and 6.17). These plots display
the SED for a single 12 arcmin × 12 arcmin region, and the same region was used
for both angular scales.
Fig. 6.15 shows that at 40 arcsec angular scales, including both the 5.8 and
8 µm maps results in the worst fit, while using either the 5.8 or the 8 µm results
in an improved fit. This resulted in a decision between the 5.8 µm and the 8 µm,
and it was decided to choose the 8 µm for two reasons: (i) the density of sources
is much less at 8 µm than 5.8 µm, and hence the source subtraction is less critical;
(ii) the 8 µm bandpass is centred on the 7.7 µm PAH feature and so provides a
much better tracer of the PAHs.
Fig. 6.16 shows the map of the relative abundances of the PAHs, YPAH , at
40 arcsec angular resolution for each of the three possible combinations of wave-
lengths. The first point to notice is the noisy pixels in the maps containing the
5.8 µm map in the fit. This is likely to do with noisy pixels in the 5.8 µm map due
to artifacts that were unable to be corrected by the artifact mitigation described
in Section 5.3.2. The second point to note is that when including both the 5.8 and
8 µmmaps in the fit, the total coverage is decreased. The reason for this decreased
coverage is that observations of all the IRAC channels were performed simultane-
ously, and due to the positioning of the IRAC detectors in the focal plane, there
is a spatial offset between IRAC channels 1 and 3, and IRAC channels 2 and 4.
Therefore, combining IRAC observations results in using only the data common
to all channels, which corresponds to a sky coverage loss of ≈ 20 %. Therefore,
for these reasons, it was decided to use only the IRAC 8 µm map. Combining
this channel with the three MIPS channels provides excellent coverage of all three
dust grain populations.
At 7 arcmin angular scales, Fig. 6.17 also shows that including both the 5.8
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Figure 6.15: SEDs for a 12 arcmin × 12 arcmin region showing how the results
of dustem behave for various combinations of the wavelengths used at 40 arc-
sec angular scales. The best fit from dustem (squares) are overplotted with
the real data (error bars). Also plotted are the three dust grain populations:
BGs (dot-dashed line), VSGs (dashed line), PAHs (dotted line), along with the
total emission (solid line). This shows how including both the 5.8 and 8 µm data
points results in a worse fit relative to using either the 5.8 or 8 µm data points.
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Figure 6.16: YPAH parameter maps showing the effects of using the different
combination of wavelengths at 40 arcsec angular scales: Top left : 5.8, 8.0, 24, 70
and 160 µm; Top right : 8.0, 24, 70 and 160 µm; Bottom: 5.8, 24, 70 and 160 µm.
These images highlight the difference in coverage when including both the 5.8
and 8 µm maps, and also the noisy pixels when including the 5.8 µm map. Note
that these maps are not the final maps as extinction has not been included when
creating them.
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Figure 6.17: SEDs for the same 12 arcmin × 12 arcmin region as used in Fig. 6.15
showing how the model behaves for various combinations of the wavelengths used
at 7 arcmin angular scales. The best fit from dustem (squares) are overplotted
with the real data (error bars). Also plotted are the three dust grain populations:
BGs (dot-dashed line), VSGs (dashed line), PAHs (dotted line), along with the
total emission (solid line). This shows that including both the 5.8 and 8 µm data
points results in a worse fit relative to using either the 5.8 or 8 µm data points,
and also how including the 100 µm data point results in a worse fit.
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and 8 µm results in the worst fit, similar to the case at 40 arcsec angular scales.
This, and the reasons described above, led me to ignore the 5.8 µm at 7 arcmin
angular scales also. The major decision at these larger angular scales was whether
to include the IRIS 100 µm map or not. From Fig. 6.17, it is possible to identify
that the 100 µm data point is not well fitted, and due to the limitations of the IRIS
maps discussed in Section 5.1.1, it was decided to ignore the 100 µm. This also
adds consistency between both angular scales, allowing for direct comparison
between the two angular scales, which will be discussed in Section 6.3.3.
Now, having decided upon which wavelengths to use, I ran dustem using
the colour maps created with the 8, 24, 70 and 160 µm maps at both angular
scales. These four parameters were fixed in the fitting procedure, and the column
density of hydrogen, N(H), was constrained to be within a factor of 2 of the N(H)
computed using the 2MASS AV map. This allowed parameter maps to be created
for the abundances of PAHs and VSGs relative to the BGs, YPAH and YV SG, the
strength of the ISRF relative to the Mathis et al. (1983) “solar neighbourhood”
radiation field, χISRF , the column density of hydrogen, N(H), and the equilibrium
temperature of the BGs, Tdust. These parameter maps are displayed in Figs. 6.18
and 6.19 for the 40 arcsec and 7 arcmin angular scales, respectively.
A previous analysis of this region was performed by Schnee et al. (2008), who
made use of the c2d data to produce a temperature map. However, Schnee et al.
(2008) used the publicly available c2d data without performing any data repro-
cessing, and as I have shown in Section 5.3, the c2d data have been substantially
improved in this current analysis. Therefore the temperature map produced in
this thesis is an improvement on the map created by Schnee et al. (2008).
Computing parameter maps is essential to understanding the distribution of
these parameters across the entire region. The parameter maps in Figs. 6.18
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 226
Figure 6.18: Final parameter maps created from running dustem at 40 arcsec
angular scales: Top left : YPAH ; Top right : YV SG; Middle left : χISRF ; Middle
right : N(H); Bottom: Tdust.
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Figure 6.19: Final parameter maps created from running dustem at 7 arcmin
angular scales: Top left : YPAH ; Top right : YV SG; Middle left : χISRF ; Middle
right : N(H); Bottom: Tdust.
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Figure 6.20: IRAC 8 µm map overlaid with the thirteen regions in which the
analysis was performed.
and 6.19 show that there appears to be an overall decrease of PAHs in the denser
regions, and that the ISRF and the dust temperature, appear to correlate with
the five features in the VSA map.
However, to analyse these maps quantitatively, thirteen regions were chosen in
which to perform a detailed analysis (see Fig. 6.20). Each of these thirteen regions
was 12 arcmin × 12 arcmin, providing coverage throughout the majority of the
map, including regions both with and without anomalous emission. Table 6.5 lists
the central co-ordinates of the regions and whether or not the region corresponds
to an anomalous emission feature in the VSA map.
Within each region, the mean value of each parameter was computed, and
these values are listed in Table 6.6. The corresponding SEDs were produced and
are plotted in Figs. 6.21 and 6.22. These SEDs display the best fitting parame-
ters from dustem along with the original data. The SEDs also display the IR
emission, showing how each of the three dust grain populations are contributing
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Table 6.5: Summary of the central position of the thirteen regions used in this
analysis on both angular scales. All the boxes are 12 arcmin × 12 arcmin, and
also shown is whether or not the region corresponds to an anomalous emission
feature in the VSA map.
Box RA DEC VSA
(J2000) (J2000) Emission
A 03:44:32 +32:11:40 Yes
B 03:44:56 +31:53:09 No
C 03:44:49 +31:39:15 No
D 03:43:01 +31:43:27 Yes
E 03:43:16 +32:00:26 Yes
F 03:42:07 +31:54:20 No
G 03:41:30 +31:40:59 No
H 03:40:27 +31:27:34 Yes
I 03:39:12 +31:25:05 No
J 03:37:51 +31:22:07 Yes
K 03:37:02 +31:05:55 No
L 03:40:28 +31:14:05 Yes
M 03:39:54 +31:43:43 No
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to the total emission. These SEDs show that the 70 µm emission has a substan-
tial contribution from the VSGs, which is what I proposed might be the case in
Chapter 4. This confirms that the 70 µm emission is not due to a single dust
component, but is in fact due to emission from both VSGs and BGs.
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A weighted mean analysis was performed on the parameters listed in Table 6.6
to determine which parameters, if any, are indicative of the anomalous emission
observed in the VSA map. By splitting the regions according to their location rel-
ative to the anomalous emission, the weighted mean was computed for each of the
parameters at both angular scales. To incorporate the goodness of the dustem
fit, the r.m.s. errors were combined with the χ2 value for each of the regions.1
These results are displayed in Table 6.7, and imply that in regions of anomalous
emission, the IRAC 8 µm emission, the MIPS 70 µm emission, the abundances of
the PAHs, the strength of the ISRF and the equilibrium dust temperatures are
enhanced, while the MIPS 160 µm emission, the abundances of the VSGs and the
column density of hydrogen are decreased. This result is consistent across both
angular scales.
The results listed in Table 6.7 appear to be consistent with the spinning dust
paradigm. An increase in the abundances of PAHs, with the decrease in the
density ensuring that these PAHs do not coagulate, coupled with an increased
ISRF, will result in a large population of small dust grains to be spun up by the
increased ISRF. The increase in the ISRF can explain the increase in the dust
temperature, and also the decrease in the MIPS 160 µm emission is consistent
with the smallest dust grains being the dominant source of the anomalous emis-
sion. The fact that this result is consistent for both angular scales suggests that
the angular scale is not overly important in modelling the anomalous emission,
however, this will be discussed further in Section 6.3.3.
The parameters listed in Table 6.6 are plotted in Figs. 6.23 and 6.24 for
40 arcsec angular scales, and in Figs. 6.25 and 6.26 for 7 arcmin angular scales.
These plots help to visualise the statistical results displayed in Table 6.7. The
1It is these errors that are displayed in Table 6.7 and plotted in Figs. 6.23, 6.24, 6.25 and 6.26.
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Table 6.7: Results of performing a weighted mean analysis on the parameters in
Table 6.6. These results show that for regions with anomalous emission, there is
an enhancement in the 8 µm emission, the 70 µm emission, the abundances of
the PAHs, the ISRF and the dust temperature, all of which can be explained in
terms of spinning dust.
Parameter Anomalous Emission No Anomalous Emission Significance
40 arcsec
8/24 1.24 ± 0.08 1.05 ± 0.10 1.5σ
70/24 5.82 ± 0.37 5.07 ± 0.65 1.0σ
160/24 22.96 ± 1.12 27.30 ± 3.51 1.2σ
YPAH 2.41 ± 0.06 2.02 ± 0.19 1.9σ
YV SG 2.10 ± 0.09 2.18 ± 0.27 0.3σ
χISRF 1.18 ± 0.09 0.75 ± 0.10 3.3σ
N(H) 154.35 ± 5.68 217.10 ± 25.83 2.4σ
Tdust 17.55 ± 0.21 16.24 ± 0.32 3.4σ
7 arcmin
8/24 1.31 ± 0.01 1.06 ± 0.05 5.3σ
70/24 7.53 ± 0.01 5.29 ± 0.31 7.2σ
160/24 17.96 ± 0.02 27.86 ± 1.38 7.2σ
YPAH 2.67 ± 0.01 1.96 ± 0.05 15.1σ
YV SG 2.08 ± 0.01 2.11 ± 0.06 0.5σ
χISRF 3.59 ± 0.01 0.78 ± 0.04 63.7σ
N(H) 122.261 ± 0.09 242.45 ± 13.45 8.9σ
Tdust 20.80 ± 0.01 16.34 ± 0.15 30.7σ
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errors are smaller at 7 arcmin angular scales because there is less variation or
scatter on the larger angular scales (this will be discussed further in Section 6.3.3).
Looking at the plots in Figs. 6.23, 6.24, 6.25 and 6.26, it is possible to identify
that the results in Table 6.7 have to be interpreted carefully. In fact, on further
inspection of the plots, it appears that only the 8/24 colour, the χISRF and
Tdust have consistently larger values in regions of anomalous emission, relative
to regions without anomalous emission. This is tentatively suggesting that the
anomalous emission regions tend to have a stronger ISRF, hence are warmer and
also have a larger contribution of IRAC 8 µm emission. This is still consistent
with the spinning dust paradigm.
The excess of 8 µm emission is particularly interesting as it suggests that
the PAHs have a stronger influence on the anomalous emission than the VSGs.
Therefore, for spinning dust one might naively expect YPAH to be correlated
strongly with the anomalous emission. However, this was not the case, and if
one considers this in a little more detail, then one might actually expect, that for
spinning dust, the balance between YPAH and χISRF to be correlated with the
anomalous emission. This is because a large χISRF can result in the destruction of
the PAHs, whereas a very low χISRF will result in very little excitation to spin the
dust grains. Even with a large abundance of PAHs, there still must exist an ISRF
sufficiently strong to spin the PAHs. Consider the case where the abundances of
the PAHs are consistent across the entire region, then χISRF would be the decisive
parameter. Now if this situation is reversed, and the ISRF is constant across the
entire region, then the parameter to analyse would be YPAH . It is clear that
χISRF is not constant across the entire region, e.g. because of IC 348, therefore
one should not expect YPAH alone to correlate with the anomalous emission.
It must be pointed out that the IRAC 8 µm emission is not a direct tracer for
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Figure 6.23: Colours (8/24, 70/24 and 160/24) plotted at 40 arcsec angular scales,
divided into regions with (filled squares) and without (open squares) anomalous
emission. Error bars are the r.m.s. errors multiplied by the χ2 value.
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Figure 6.24: Parameters (YPAH , YV SG, χISRF , N(H) and Tdust) plotted at 40 arc-
sec angular scales, divided into regions with (filled squares) and without (open
squares) anomalous emission. Error bars are the r.m.s. errors multiplied by the
χ2 value.
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Figure 6.25: Colours (8/24, 70/24 and 160/24) plotted at 7 arcmin angular scales,
divided into regions with (filled squares) and without (open squares) anomalous
emission. Error bars are the r.m.s. errors multiplied by the χ2 value.
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Figure 6.26: Parameters (YPAH , YV SG, χISRF , N(H) and Tdust) plotted at 7 ar-
cmin angular scales, divided into regions with (filled squares) and without (open
squares) anomalous emission. Error bars are the r.m.s. errors multiplied by the
χ2 value.
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Figure 6.27: IRAC 8 µm map plotted against the product of YPAH , χISRF and
N(H).
YPAH , but is in actual fact the product of YPAH , χISRF and N(H). This concept
is displayed in Fig. 6.27, where the IRAC 8 µm map is plotted against the product
of the YPAH , χISRF and N(H) parameter maps. The correlation is remarkable,
with the exception of a few rogue data points.
Therefore, the parameter maps created using dustem provide tentative evi-
dence that the spinning dust hypothesis is correct, and that the balance between
YPAH and χISRF is more important than a single parameter, making the IRAC
8 µm map the perfect tracer of spinning dust.
6.3.3 Comparing the Emission as a function of Angular
Scale
Until now, I have not compared the results at both angular scales to determine
what effect, if any, the angular scale has on the parameters. To investigate this
further, I looked at the distribution of the parameters by plotting histograms.
CHAPTER 6. INTERPRETATION OF SPITZER OBSERVATIONS 244
Fig. 6.28 displays histograms both over the entire region, and within three of the
thirteen regions used in this analysis.
By comparing Figs. 6.23, 6.24, 6.25 and 6.26, it is clear that across both
angular scales the values of the parameters are approximately similar. However,
from Fig. 6.28 it can be identified that the scatter varies significantly between
both angular scales.
Across the entire region, the difference between angular scales appears quite
small, however, within the 12 arcmin× 12 arcmin boxes, it becomes apparent that
there are many more variations at the smaller angular scales. This result implies
that the larger angular scales are not sensitive to the small-scale fluctuations
and hence are not completely representative of the actual variations present in
the emission. Therefore, high resolution observations are required to completely
make the most of the observations (see Section 7.2).
It is important to remember that source subtraction was performed on the
Spitzer maps, as discussed in Section 5.3.3. On large angular scales, it is much
more difficult to accurately remove the point sources which can contaminate the
diffuse emission, again implying that smaller angular scales are required.
6.3.4 spdust
To model the spinning dust emission I used the spdust code. spdust is an IDL
program that computes the spinning dust emissivity for given, user-provided, en-
vironmental conditions. It was developed by Ali-Haïmoud et al. (2009), based on
the formalism of the Draine and Lazarian (1998a,b) model, with further updates
produced by Silsbee et al. (2010). The input parameters that can be provided
for spdust are similar to the parameters listed in Table 1.1. Comparing these
parameters, to the parameters constrained from dustem in this analysis, the
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Figure 6.28: Normalised histograms showing the difference between the two angu-
lar scales used in this analysis. First row : Entire region; Second row : Region D;
Third row : Region F; Bottom row : Region L. Within the 12 arcmin × 12 arcmin
regions, the 40 arcsec angular scales contain much larger variations, compared
with the 7 arcmin angular scales.
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only parameter that can be used to constrain the spinning dust emissivity is the
strength of the ISRF, χISRF .
Taking the values of χISRF from Table 6.6, the corresponding spinning dust
curves were produced, assuming all other parameters for a typical molecular
cloud (see Table 1.1). Fig. 6.29 displays these spinning dust plots for all thir-
teen regions and it is possible to identify that all the plots look very similar, and
appear consistent with the levels found previously in Fig. 1.12.
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The plots in Fig. 6.29 imply that the strength of the ISRF has very little
constraint on the spinning dust emissivity, and even in regions without spinning
dust, the χISRF value still produces a spinning dust curve at a similar level.
Therefore, the ISRF alone is not enough to allow the spinning dust emissivity
to be constrained. What is required is a parameter with more constraint, and
as will be shown in the next Section, the most significant parameter is the size
distribution of the small dust grains (i.e. VSGs and PAHs).
Spinning dust emissivity as a function of grain size
To show the importance of the size distribution of the small dust grains, a variety
of size distributions were investigated. The size distribution in spdust is mod-
elled using the size distributions constructed in Weingartner and Draine (2001),
and these size distributions are parameterised using the total carbon abundance
(per H nucleus) in the size distribution, bC . The spinning dust curves for a range
of values of bC are shown in Fig. 6.30.
From Fig. 6.30, it is possible to see that the spinning dust emissivity is much
more dependent on the size distribution than the ISRF. By increasing the total
carbon abundance, this increases the number of small grains (see Figure 2 in
Weingartner and Draine, 2001), and hence leads to an increase in the spinning
dust emissivity.
Therefore, to produce the most precise spinning dust models, the size distri-
butions must be accurately known. As mentioned previously, it is in fact possible
to constrain the size distribution of the PAHs using dustem, and this will be
discussed further in Section 7.2.1.
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Figure 6.30: Spinning dust emissivities, for a typical MC, with a range of different
size distributions created using the spinning dust code spdust (Ali-Haïmoud
et al., 2009). The size distributions are taken from table 1 in Weingartner and
Draine (2001), and are parameterised by the total carbon abundance (per H
nucleus) in the size distribution. As the total carbon abundance is increased, this
leads to an increase in the number of small grains, and hence leads to an increase
in the spinning dust emissivity.
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6.4 Final Interpretation of the Dust Characteri-
sation in Perseus
With the improved reprocessing of the Spitzer data, as described in Chapter 5,
the analysis performed in this Chapter is completely enhanced compared to any
previous, similar analyses (e.g. Schnee et al., 2008).
Having previously shown that there exists a strong spatial correlation between
the IRIS IR emission and the microwave emission (Section 4.1), it is not unex-
pected to find a comparably strong spatial correlation between the Spitzer data
and the 33 GHz emission.
Using two separate methods, the IRAC 4.5 and 8 µm maps, and the IRS
spectra, it was shown that any contamination of the PAH emission, caused by
atomic or molecular lines, is minimal throughout the entire region. This confirms
that the bulk of the near-IR emission, that is highly spatially correlated with the
microwave emission, is due to PAHs.
The dustem analysis described in this Chapter is the first attempt at char-
acterising the IR emission with the intention of constraining the spinning dust
emission. This ambitious idea was performed using the dust emission model,
dustem, to characterise the IR emission, resulting in parameter maps of YPAH ,
YV SG, χISRF , N(H) and Tdust at both 40 arcsec and 7 arcmin angular scales.
These parameter maps were used to investigate the parameters, and how they
vary between regions with, and without, anomalous emission. It was found that
in regions of anomalous emission, the IRAC 8 µm emission, the MIPS 70 µm
emission, the abundances of the PAHs, the strength of the ISRF and the equi-
librium dust temperatures are enhanced, while the MIPS 160 µm emission, the
abundances of the VSGs and the column density of hydrogen are decreased. The
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spinning dust hypothesis states that it is the smallest dust grains that are excited
and hence spin rapidly, emitting electric dipole radiation. This tentative result
is consistent with this hypothesis where there is an increase in the abundances of
the PAHs, and also the decrease in the MIPS 160 µm emission implies that the
BGs are not causing this emission. The increase in the ISRF could be acting as
a source of excitation for the PAHs, which is again consistent with the spinning
dust hypothesis.
It was also identified that the IRAC 8 µm map is the result of the product of
YPAH , χISRF and N(H), highlighting that it is more likely that a combination of
parameters are key for characterising spinning dust emission, rather than a single
parameter.
From this analysis, the only parameter that could be incorporated to the
spinning dust code, spdust, was χISRF . However, all values of χISRF from the
dustem analysis resulted in a spinning dust emissivity consistent with previous
spinning dust observations. This implies that even in regions without spinning
dust, the corresponding χISRF value still produced a spinning dust curve, once
again highlighting the complex nature of the emission.
However, as this is the first attempt, this idea can be improved upon (see
Sections 7.2.1 and 7.2.2), and in the future this approach can be applied to other
regions of the sky in an attempt to further our knowledge of the anomalous
emission.
Chapter7
Conclusions and Future Work
The first Section of this Chapter, Section 7.1, details an overview of the results
and conclusions of this thesis. It brings together all the work discussed in this
thesis to produce a coherent picture of all the emission processes that are actually
occurring within the Perseus molecular complex. I then go on to discuss how we
can use these results in this region to help us understand the wider picture of
anomalous microwave emission across the sky. In Section 7.2, I look towards
the future and detail exciting projects that I believe could further enhance our
knowledge of the anomalous microwave emission, and that are well suited to both
current and future facilities.
7.1 Overview of Results and Conclusions
The aim of this thesis was to investigate the Galactic CMB foreground known as
anomalous microwave emission. To date, there is no widely accepted explanation
for the origin of this emission, although spinning dust is the currently favoured
hypothesis. The analysis described in this thesis was performed on an individual
252
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Galactic feature, the dust shell G159.6–18.5, in the Perseus molecular complex.
However, some of these results can be applied to anomalous emission more gen-
erally.
What does this investigation tell us about the anomalous microwave
emission?
(i) Observations of the dust feature, G159.6–18.5, in the Perseus molecular
complex were performed with the VSA. These observations resulted in a
33 GHz map of the region with ≈ 7 arcmin angular resolution and an
r.m.s. noise level of ≤ 20 mJy/beam.
(ii) Not only is anomalous microwave emission present in G159.6–18.5 on the
one degree angular scales as observed with the COSMOSOMAS experi-
ment (Watson et al., 2005), it is also present on the arcmin angular scales
observed by the VSA.
(iii) Five features of anomalous microwave emission in G159.6–18.5 were iden-
tified from the VSA map. This emission is in excess over both free-free
emission and thermal vibrational dust emission, while synchrotron emis-
sion appears to be negligible in this region on these angular scales.
(iv) The total flux density of the anomalous emission is lower on the arcmin
angular scales relative to the degree angular scales, signifying that the bulk
of the anomalous emission (> 88 %) is originating from a large-scale, diffuse
component that is being resolved out by the VSA.
(v) The anomalous emission is highly spatially correlated with the IR emission,
with a mean Pearson correlation coefficient of 0.75 ± 0.02, implying that
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the origin of the emission is dust related.
(vi) The excess of emission, combined with the microwave-IR correlation, points
in the direction of electric dipole radiation originating from spinning dust
grains.
(vii) The anomalous emission cannot be explained by either emission from an
UCHII region, other peaked spectrum sources or magnetic dipole emission,
leaving the spinning dust hypothesis as the only possible explanation.
(viii) This spinning dust hypothesis is further enhanced as the computed dust
emissivity was found to be consistent with previous detections of anomalous
emission that have been attributed to spinning dust.
(ix) For spinning dust, it is the smallest dust grains that are responsible for
the emission. However, the dust grains in G159.6–18.5 are so well mixed
that it is difficult to distinguish between the individual dust grain popu-
lations. It is therefore extremely difficult to determine which of the dust
grain populations are responsible for the 33 GHz emission.
(x) The PAH near-IR emission, possibly responsible for the anomalous emis-
sion via electric dipole radiation, is not largely contaminated by atomic or
molecular line emission.
(xi) Having identified five features of anomalous emission which appear to be
consistent with the spinning dust hypothesis, the dust emission model,
dustem, was used to characterise the dust in the region. The results of per-
forming this dust characterisation were parameter maps showing the spatial
variations of the abundances of the PAHs and VSGs relative to the BGs,
CHAPTER 7. CONCLUSIONS AND FUTURE WORK 255
YPAH and YV SG, the strength of the ISRF, χISRF , the column density of
hydrogen, N(H) and the equilibrium dust temperature, Tdust.
(xii) Analysing these parameter maps by comparing the parameter values relative
to the location of the anomalous emission, resulted in a tentative detection
in agreement with the spinning dust hypothesis: in regions of anomalous
emission, the IRAC 8 µm emission, the MIPS 70 µm emission, the abun-
dances of the PAHs, the strength of the ISRF and the equilibrium dust
temperatures are enhanced, while the MIPS 160 µm emission, the abun-
dances of the VSGs and the column density of hydrogen are decreased.
(xiii) However, these results also show that the anomalous emission is very com-
plex e.g. the IRAC 8 µm map is a result of the product of YPAH , χISRF
and N(H), highlighting that it is more likely that a combination of param-
eters are key for characterising spinning dust emission, rather than a single
parameter.
(xiv) spdust was used to characterise the spinning dust emissivity by incorpo-
rating the strength of the ISRF computed from dustem, χISRF . However,
it was found that this had very little constraint: the resulting spinning dust
emissivities were of a comparable value in regions both with, and without,
anomalous emission.
Anomalous emission has been observed in a variety of Galactic objects, but
there have also been a number of non-detections. The reason for this, as can
be seen from this work, is that the anomalous emission is very complex and de-
pends on the interaction of a number of parameters and environmental conditions.
However, if the spinning dust hypothesis is correct, then this could provide a new
diagnostic tool for investigating the smaller dust grains in the ISM.
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Overall, it appears that G159.6–18.5 is an expanding shell of Hii gas, driven
by the central star, HD 278942. The shell is located behind the Perseus molecular
cloud, and gently impacting the far side of the cloud. The edge of the shell is
therefore similar to a PDR, and it is the brighter features in the shell that are
coincident with the VSA emission. This is a similar picture to what is observed in
ρ Ophiuchus (Casassus et al., 2008), where the anomalous emission is originating
from a PDR. This idea is consistent with the results from the characterisation
of the dust, where it is found that the strength of the ISRF is enhanced, and it
could be this enhancement that is causing the grains to spin, producing electric
dipole radiation.
7.2 Looking towards the Future
In this Section, I will outline some analyses that could be performed in the future
to help clarify the spinning dust situation even further. I intend to pursue as
many of these analyses as possible, some of which may be performed in the near
future, while others may take much longer.
7.2.1 Incorporate IRS spectra in the dustem Analysis
The work presented in this thesis involved using dustem to compute the abun-
dances of the PAHs and VSGs relative to the BGs, the strength of the ISRF, the
column density of hydrogen and the equilibrium dust temperature of the BGs.
However, it is possible to go beyond this by incorporating the IRS spectra in
dustem. As I have shown, the IRS spectra have already been reduced (see
Fig. 5.11).
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By including these additional constraints, this would then allow the size dis-
tribution and ionisation fraction of the PAHs to be constrained. As shown in
Section 6.3.4, the size distribution of the small dust grains responsible for the
spinning dust is the most critical parameter in the spinning dust model. By
constraining this, it would therefore be possible to more accurately constrain the
spinning dust curves created by spdust.
7.2.2 Incorporate Herschel Data in the dustem Analysis
In addition to including the IRS spectra in the dustem analysis, the dust mod-
elling analysis performed in this thesis could be re-performed incorporating data
from the Herschel Space Telescope. The Photodetector Array Camera and Spec-
trometer (PACS) and the Spectral and Photometric Imaging Receiver (SPIRE)
instruments onboard provide photometric observations in the far-IR from 70 –
500 µm. These longer wavelengths would help to further constrain the peak of
the thermal dust emission, and the Rayleigh-Jeans tail.
As with the Spitzer Space Telescope, there are Guaranteed Time Key Programs
for the Herschel Space Telescope. PACS and SPIRE observations of the Perseus
molecular cloud are included in a program called Probing the origin of the stellar
initial mass function: A wide-field Herschel photometric survey of nearby star-
forming cloud complexes (André et al., 2010).
7.2.3 Apply the dustem Analysis to other Regions
In the Perseus molecular cloud, all three dust grain populations are very well
mixed. For selecting future regions on which to perform this analysis, it would be
helpful to identify regions where the dust is not so well mixed. This would allow
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a better indication of which dust grains were producing the anomalous emission.
To identify selected regions, I propose the following steps:
(i) Find a large database of IR observations (e.g. Spitzer archive).
(ii) Produce colour plots between all available IR bands.
(iii) Select regions based on the colour plots i.e. select regions where the colour
plots are not well correlated, implying that the dust is not well mixed.
(iv) Perform radio observations of such regions, with as much angular resolution
as possible (see Section 7.2.5).
(v) Perform a correlation analysis and identify which dust grains are responsible
for the anomalous emission.
(vi) Characterise the dust, by repeating the dustem analysis performed in this
thesis.
7.2.4 Green Bank Telescope Observations of Perseus
To help determine a more accurate estimate of the free-free emission within the
Perseus molecular cloud, it was decided to obtain some new observations with
the GBT. To ensure that the free-free emission could be measured and under-
stood, multiple frequencies were required. With only one frequency measurement,
it would be difficult to identify if the free-free emission was optically thick or op-
tically thin. Therefore, it was decided to observe Perseus at two frequencies with
the GBT: L-band (1.2 – 1.7 GHz) and C-band (4 – 6 GHz). This would provide a
range of low frequency measurements, ensuring that even if the free-free emission
was optically thick, it would still be detected. A proposal was submitted, and
accepted, for 15 hrs of GBT observing time with L-band and C-band receivers.
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Table 7.1: Summary of the GBT L-band and C-band observations. †Number of
complete scans in parentheses.
Target Central RA Central DEC Position Angle Total no. Total no.
(J2000) (J2000) (degrees) of scans: L-band† of scans: C-band†
Strip 1 03:44:33.222 +32:10:59.50 180.0 100 (90) 108 (81)
Strip 2 03:43:16.674 +31:55:25.63 189.8 100 (90) 100 (75)
Strip 3 03:38:59.295 +31:22:10.55 287.5 100 (75) 124 (93)
It was decided not to map the entire Perseus region, because, due to its
size, it would require very long observing times, especially at C-band with only
a 2.5 arcmin beam. Instead, it was decided to perform scanning observations
of three strips. These strips were chosen to coincide with the five features of
anomalous emission observed with the VSA at 33 GHz, while simultaneously
providing enough off-source observations to allow accurate baseline fitting. The
strips were also chosen to minimise telescope overhead times. Table 7.1 provides
a summary of the GBT observations and Fig. 7.1 displays the actual position of
the strips relative to the VSA 33 GHz emission.
As shown in Table 7.1, the three strips displayed in Fig. 7.1 were observed
multiple times to increase the total integration time. Each individual observation
involved scanning back and forth along the length of each strip, therefore, each
scan was only one beam-width wide.
The data processing is currently underway, and a typical raw scan is displayed
in Fig. 7.2, showing the output displayed by gbtidl, the GBT interactive data
reduction package based on IDL. It is possible to see that this scan is of Strip 3
observed with the C-band receiver.
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Figure 7.1: VSA 33 GHz map of G159.6–18.5 showing the locations of the GBT
observations. The three strips were chosen to cover the five regions of anomalous
emission in such as way as to reduce telescope overhead times, but also allow
enough off-source observations for accurate baseline fitting.
Figure 7.2: A typical GBT C-band scanning observation.
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7.2.5 Observations with Increased Angular Resolution
In this work, I used the observations performed with the VSA, which has a ≈ 7 ar-
cmin FWHM synthesized beam, and was therefore limited to arcmin angular
scales. However, since the available Spitzer data all have sub-arcmin angular
resolution, comparable, high resolution radio observations are required to help
utilise the full resolution of the Spitzer data. Facilities such as the Expanded
Very Large Array (EVLA) and the Australia Telescope Compact Array (ATCA)
could provide the required resolution and sensitivity across the frequency range
where anomalous emission occurs.
Recently, an EVLA proposal (P.I. Clive Dickinson), for which I am a CO-I, was
accepted to observe two anomalous emission regions (NGC 2068 and NGC 2071)
at C-band and K-band (22 – 24 GHz). The observations were appropriately
selected to observe at C-band in C array and K-band in D array, to achieve
an almost identical u,v coverage and synthesized beam. The data reduction is
currently underway, and hopefully some useful results will follow.
In addition to this, a proposal for which I am P.I. was accepted to perform
seven pointed observations within G159.6–18.5 using the Arcminute Microkelvin
Imager (AMI) Small Array (SA). The AMI SA observes in six channels between
14 and 18 GHz, with a synthesized beam of ≈ 3 arcmin (see Zwart et al., 2008,
for further details).
Fig. 7.3 displays the MIPS 24 µm map resampled with the AMI SA sampling
distribution, and the location of the seven targeted observations. This AMI data
will perfectly complement the Spitzer data. The first image of these observations
shows a remarkably high degree of correlation between the microwave and the IR,
as can be seen in Fig. 7.4.
I am also currently pursuing complementary, 30 GHz observations with the
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Figure 7.3: MIPS 24 µm map reprocessed with the AMI SA sampling distribution
showing the location of the seven targeted observations.
One Centimetre Receiver Array (OCRA) (Browne et al., 2000), of the seven
pointings observed with the AMI SA.
I believe that high resolution observations is the future of trying to accurately
characterise this anomalous emission. Combining the high resolution radio and
Spitzer data would improve our understanding of the microwave-IR correlation,
and hence the dust properties of the grains associated with the emission.
7.2.6 Anomalous Emission in other galaxies
If the spinning dust models are correct then we should expect anomalous emis-
sion to occur throughout other galaxies, just as we find in our own Galaxy.
However, to date, there has only been one detection of anomalous emission in
another galaxy: Murphy et al. (2010) identified anomalous emission in one of ten
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Figure 7.4: Top left : New, recently obtained, high resolution AMI data of region
3 (as shown in Fig. 7.3); Top right : IRAC 8 µm map; Bottom left : MIPS 24 µm
map; Bottom right : MIPS 70 µm map. These images show the remarkable spatial
correlation between the microwave and the IR emission.
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Figure 7.5: Radio/far-IR spectrum of the nearby starburst galaxy, M82, showing
no sign of any anomalous emission component. (Condon, 1992). The three sepa-
rate components are also displayed, free-free emission (dashed line), synchrotron
emission (dot-dashed line) and thermal vibrational dust emission (dotted line).
star-forming regions in the nearby galaxy, NGC 6946. A follow-up confirmation
detection was performed by Scaife et al. (2010) using the AMI Large Array (LA).
However, the situation is far from clear. Klein et al. (1988) observed M82, a
nearby starburst galaxy, at 33 GHz using the Effelsburg 100 m telescope. The
integrated emission spectrum is shown in Fig. 7.5 and does not show any excess
emission in the frequency range 20 – 60 GHz.
Baes et al. (2010) combined Herschel PACS and Herschel SPIRE data of
M87, with previous observations obtained with the Infrared Space Observatory
Camera (ISOCAM), IRAS, MIPS, the Submillimetre Common-User Bolometer
Array (SCUBA), GBT, WMAP and the VLA, providing a complete data set over
the wavelength range from radio to the far-IR. The computed SED is displayed
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Figure 7.6: Radio/far-IR spectrum of the nearby radio galaxy, M87, showing no
sign of any anomalous emission component (Baes et al., 2010). Overplotted is
the best-fitting power-law of the ISOCAM, IRAS, MIPS, SCUBA, GBT, WMAP
and VLA data (solid line) and the best-fitting power-law of the SCUBA, GBT,
WMAP and VLA data (dotted line).
in Fig. 7.6.
Figs. 7.5 and 7.6 show how anomalous microwave emission does not appear to
be prominent in other galaxies. This of course will depend on various parameters
such as the type of galaxy, the abundance of dust in the galaxy, the magnetic field
strength of the galaxy etc. and it must also be remembered that Murphy et al.
(2010) only identified anomalous emission in one of ten star-forming regions, and
not over the galaxy as a whole. Obtaining numerous observations spanning a
wide variety of galaxies will most definitely help our understanding of anomalous
microwave emission.
7.2.7 Polarisation Observations
As discussed in Chapter 1, emission from spinning dust grains is not expected to
be highly polarised: linear polarisation is expected to be ≈ 3 – 5 % at 10 GHz,
falling to < 2 % above 20 GHz (Lazarian and Draine, 2000); while magnetic dipole
CHAPTER 7. CONCLUSIONS AND FUTURE WORK 266
emission is expected to be strongly polarised with ≈ 10 % below 10 GHz, rising
to > 30 % at 100 GHz. By using this distinction, and observing all regions known
to exhibit anomalous emission, it would be possible to determine if the current
spinning dust model accurately explains the observed emission. To date, there
have only been three observations of polarisation measurements made towards
regions of anomalous emission (Battistelli et al., 2006; Dickinson et al., 2007;
Mason et al., 2009), all of which are consistent with spinning dust.
Understanding polarisation is not only important for distinguishing between
various Galactic CMB foregrounds, it is important itself as a foreground to the
future B-mode observations.
7.2.8 Explaining the Millimetre Excess
Recent results from Israel et al. (2010) and Bot et al. (2010), suggest that spinning
dust could be responsible for the excess of emission found in the millimetre regime
in the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC). If this
is correct then this makes it even more crucial to understand the spinning dust
emission, as it could therefore be the dominant foreground all the way from cm
wavelengths to mm wavelengths.
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